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ABSTRACT 
The infhience of fluid compo^on on rehydration effectiveness was assessed following 
exercise and heat (65°C) exposure that produced a 2.6% body weight loss. In a randomized 
cross-over design, 18 subjects rehydrated for 3 h with water (H2O), and broths containing 
various sodium concentrations (LO: 31.5 mmol/1; MED: 109.5 mmoI/1; HI: 159.5 mmol/1). 
Beverages were given in equal volumes every 20 min for a total volume equal to the body 
weight loss diuing dehydration. Significant diSerences (p<0.05) among the treatments were 
determined using ANOVA. Body weight recovery was higher in MED compared with LO 
(73 + 3% vs 61 + 4%). Plasma volume recovery was higher m MED (105 + 1%) and HI (104 
+ 2%) compared with H2O (97 + 2%). Urine volimie was higher in H2O (351 + 57 ml) and 
LO (379 + 29 ml) compared with MED (229 + 18 ml) and HI (195 + 21 ml). Plasma 
osmolality was higher in HI and MED compared with H2O, while the plasma sodium 
concentration was higher in LO, MED, and HI compared with H2O. The plasma potassium 
concentration was higher m LO compared with all other beverages. 
In the second study, 30 subjects were studied during 2 h of rehydration after a 2.5% 
body weight loss. In a randomized cross-over design, subjects rehydrated with water (H2O), 
chicken broth (CB: Na=109.5; K=25.3 mmol/1), a carbohydrate-electrolyte drink (CE; 
Na=16.0; K=3.3 mmol/1), and chicken noodle soup (SOUP: Na=333.8; K=13.7 mmol/1). 
Subjects mgested 175 ml at the start of rehydration and 20 min later; water was given every 
20 min thereafter for a total volume equal to body weight loss during dehydration. Plasma 
volume recovery was greater in SOUP (99 + 1%) and CB (98 + 1%) compared with H2O (94 
viii 
+ 1%). Urine vohune was greater in CE (310 ± 30 ml) conq)ared with CB (188 + 20 ml). 
Urine osmolality was higher in CB and SOUP compared with CE. Urinary sodium 
concentration was higher in SOUP and CB compared with CE and H2O. These results 
suggest that including sodium in rehydration beverages improves whole body and plasma 
volume restoration. 
1 
INTRODUCTION 
When individuals undergo prolonged exercise, particularly in the heat, body water 
losses caused by sweating can compromise the ability to perform exercise. Although body 
water is lost both from the intracellular and extracellular fluid compartments, a relatively 
greater loss of fluid occurs from the extracellular space, resulting in a drop in plasma volume 
(17). The reduced plasma volume decreases venous retum and stroke volimie, while heart 
rate increases to maintain cardiac output (65). This loss of body water from the intravascular 
space, in combination with the displacement of a portion of the blood vohime toward the pe­
riphery for cooling, reduces the effectiveness of the circulatory system in delivering blood 
both to the skin and working muscle. A reduction m blood flow to the skin and muscle im­
pairs thermoregulation (65) and decreases the ability to perform both aerobic and anaerobic 
exercise, although prolonged endurance exercise is more likely to be affected by dehydration 
(4). Thus recent attention has focused on the need for rapid restoration of body water as a 
means for maintaining exercise performance. 
It has been observed that huxnans do not voluntarily consume enough fluid to replace 
body water losses occurring during heat and exercise-induced dehydration (1). This phe­
nomenon is referred to as involuntary dehydration, and occurs both at rest m the heat and 
during exercise, although it occurs to a greater extent under stressfiil conditions such as exer­
cise in the heat (1). The conq)osition of the fluid ingested is a significant &ctor affecting the 
degree of mvolxmtary dehydration observed in athletes, and thus the extent to which rehydra­
tion is attained. Tbere are a variety of different &ctors that can influence an individual to con-
2 
giiTTie a paiticular beverage, including temperature (90), palatability (6, 45), and beverage car­
bohydrate and electrolyte content (22, 55, 58, 86). Food consun^tion has also been shown to 
influence fhiid intake (2) and subsequent rehydration (56). 
The cnmpnsitinn of a rehydration beverage influences not only the extent to which an 
athlete will consume a beverage, but also the extent to w^ch body fluid balance is restored. 
The addition of sodium may serve to retain the osmotic and volume dependent drives for 
drinking, reducing involuntary dehydration (70). Absorption of water through the small intes­
tine is facilitated by active transport of both sodium and glucose (29). Furthermore, the addi­
tion of sodium to a rehydration beverage promotes fluid retention in the extracellular space, 
leadmg to greater plasma vohune recovery and lower urine volimies (55, 70). 
The role that potassium may play m fluid balance restoration is not conq)letely clear. 
There is evidence which suggests that ingestion of high concentrations of potassium may delay 
body weight and plasma volume recovery (68) due to a restoration of the intracellular fluid 
compartment at the expense of the extracellular fluid. However, other mvestigators have 
shown that including potassium in a rehydration beverage is as effective as sodiiun in promot­
ing rehydration (58). 
Adding significant quantities of sodium, potassium, and carbohydrate to a rehydration 
beverage mcreases the osmolality of the beverage. Previous mvestigators have shown that 
fluids with high osmotic concentrations inq)air gastric emptying (12, 23) and intestinal ab­
sorption of water (47, 48, 85, 95), efiFects that would be e7q)ected to impair whole body rehy­
dration. However, other investigators have foimd that ingesting hypertonic carbohydrate-
electrolyte solutions does not impair rehydration (22, 54). Thus, the optimal osmolality of a 
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rehydration beverage, as well as its sodhun, potasshim, and carbohydrate content, remains un­
known. 
Many investigations have shown that consuming fluid during exercise is essential in 
offsetting fluid and electrolyte losses commonly observed during exercise in the heat (13, 73). 
Rehydration following exercise has not been examined in as much detail, but is equally impor­
tant, particularly for athletes v\4io train or compete soon after dehydration. Relatively low 
sodium concentrations are used in most studies as well as m many commercially available 
sports drinks in order to match sweat electrolyte concentrations and preserve palatability. It is 
not known whether ingesting beverages containing higher sodium concentrations than those 
currently used would enhance the effectiveness of post-exercise rehydration. Therefore, the 
first investigation examined rehydration following heat and exercise-mduced dehydration with 
water and three different beverages containing low, medium, and high concentrations of so­
dium. 
Previous studies show that voluntary fluid mtake is stimulated \^en ingesting food (2, 
27, 91). Thus, consuming food following exercise may have a significant in[q)act on rehydra­
tion. However, there is very littie data examining the effect of consuming a meal consisting of 
both fluids and solids on post-exercise rehydration (56, 88). As many athletes are often hun­
gry following exercise, it seems reasonable that ingesting a meal along with a beverage, or in­
gesting a meal and beverage simuhaneously in the form of a soup, would serve the dual pur­
poses of minimizmg hunger and replacing valuable fluid and electrolyte losses. 
It is not often practical for athletes to frequentiy consume large voliunes of fluid fol­
lowing exercise due to the inadequacy of the thirst mechanism. la addition, consuming high 
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fluid volumes may lead to large gastric and urine volumes. It is possible that consuming a 
gmall volume of fluid at the onset of rehydration followed by water would promote effective 
body water restoration following exercise. Therefore, the second investigation compared the 
effectiveness of rehydration with CTnall volumes of water, two beverages containing high and 
low electrolyte concentrations, and soup following heat and exercise-induced dehydration. 
Dissertation Organization 
The remainder of the dissertation mchides a review of the literature pertaining to the 
effects of heat and exercise-induced dehydration and subsequent rehydration on body fluid 
balance and restoration. Following this review, two papers describing studies that have exam-
med the effectiveness of rehydration with beverages containing different amounts of sodium, 
potassium, and carbohydrate, as well as different osmolalities, will be presented. The disser­
tation will close with a general discussion on the conclusions drawn from these studies, as well 
as some recommendations for future research regarding post-exercise rehydration. The refer­
ences cited in the general introduction, review of hterature, and general conclusions wall be 
listed at the end of the dissertation. 
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REVIEW OF LITERATURE 
General Physiology 
Water is the most ubiquitous and essential component of the himian body, representing 
approximately 60% of body weight (40). Approximate^ 60% of total body water is con­
tained in the intracellular fluid compartment (ICF), >A^e 30% is contained in the extracellular 
fluid compartment (ECF). The extracellular space can be further divided into fluid located 
between the tissues (interstitial fluid compartment), in wliich 75% of the extracellular water is 
contained, and the noncellular portion of the blood (plasma) containing the remainder of the 
extracellular water. The maintenance of fluid balance across the different compartments is 
profoundly mfluenced by the electrolyte distribution among the intracellular and extracellular 
spaces. As a result of transient alterations m electrolyte concentration, water is redistributed 
across the cell membrane until the two fluid spaces are of equal osmolality. Table 2.1 shows 
the electrolyte distribution in the various body fluid compartments (40). The osmolality and 
Table 2.1. The electrolyte distribution m the 
extracellular and intracellular fluid space. 
ECF (mEq/L) ICF (mEq/L) 
Na^ 
JC 
142 
4 
5 
103 
3 
1 
5 
10 
140 
< 1 
4 
58 
2 
40 
cr 
Mg'" 
S04^ 
proteins 
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vohune of the ECF is determined ahnost entirely by the sodium concentration simply because 
sodium is the most abundant ion in the ECF. Consequently, disturbances in sodium balance 
are closely associated with changes in the extracellular fluid volume. On the other hand, po­
tassium and magnesium are more important in the maintenance of intracellular volume and 
osmolarity. 
Three control mechanisms operate in close association with one another to regulate 
the extracellular volume and sodium concentration, and consequent osmolality, and thus have 
an important impact on the control of fluid intake and output from the body. These include 
the osmosodium receptor-arginine vasopressin system, the volume-sensing mechanism, and 
the thirst mechanism (40). 
In the osmosodium receptor-arginine vasopressin system, sodium is the crucial factor 
in the control of water balance. An increase in the ECF sodium concentration, and thus osmo­
lality, stimulates osmoreceptors located in the supraoptic nuclei of the hypothalamus. This 
stimulation results m the release of arginine vasopressin (AVP) from the posterior pituitary 
gland, mcreasing renal reabsorption of water, but not electrolytes. The reabsorption of water, 
but not solutes, dilutes the ECF sodium concentration, correcting the initial elevation in ECF 
osmolality. The stimulation of the osmoreceptors by increasing plasma osmolality and conse­
quent cellular dehydration also triggers the thirst mechanism, prompting the mdividual to 
drink (38). 
A change in the ECF volume is the trigger for control of body fluid balance in the vol­
ume-sensing system A decrease in the ECF volume, which can occur as a result of dehydra­
tion, decreases central venous filling pressure, cardiac output, and blood pressure. Stretch re-
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cq)tors located in the right atiium sense the drop in pressure and activate the renin-
angiotensia system, causing vasoconstriction, stimulation of aldosterone secretion, mcreased 
tubular reabsorption of sodium, release of AVP, decreased urinary output, and increased 
thirst. It is thought that this mechanism is less sensitive than the osmosodium receptor-
arginine vasopressin system (38). 
Although both the osmotic-arginine vasopressin and volume-sensing mechanisms ap­
pear to be mvolved in the maintenance of body fluid balance, the degree to A\iuch an individual 
reUes on each mechanism for the restoration of fluid balance and their subsequent impact on 
thirst and drinking remains imkno\vn. The thirst center, located adjacent to the supraoptic 
nuclei in the hypothalamus, can be stimulated by many factors, including intracellular dehy­
dration, an mcrease in circulating angiotensin levels, and dryness of the mouth (40). Under 
resting conditions, the thirst mechanism is adequate in maintaining body fluid balance. How­
ever, under certain physiological conditions such as exercise in die heat, thirst is not a suffi­
cient stimulus for maintaining body water balance, contributing to a progressive decline in 
body water if exercise is continued. This loss in body water has important impUcations for 
physiological processes essential to exercise performance. 
Consequences of Heat and Exercise-induced Dehydration 
EfTects of dehydration on the cardiovascular and thermoregulatory systems 
Humans have a remarkable ability to thennoregulate effectively in a variety of envi­
ronmental conditions. However, the combined stresses of heat exposure and exercise can 
place conflicting demands on the body. Physical exercise increases the metabolic rate, requir­
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ing an increase in heat diss^ation from the body to maintain heat balance. This need is mag­
nified during exercise in the heat. The primary way heat is lost firom the body during exercise 
is by evaporative cooling; this process is even more important during exercise in the heat as 
the body is gaining heat by the processes of radiation, convection, and conduction. Sweating 
enables evaporative cooling to take place but can lead to significant losses in body water, par­
ticularly from the mtravascular space (1, 19, 41,44, 64). 
This continous loss of body water, m addition to the displacement of a portion of the 
blood volume toward the periphery for cooling, can lead to adverse cardiovascular and ther­
moregulatory consequences. A reduction m central blood volume can compromise venous 
return and stroke volimie (63, 65). As a result, heart rate increases to maintain cardiac output 
(12, 30, 44), mcreasing with progressive levels of dehydration (63, 81). However, if exercise 
continues, especially at higher intensities, the elevation in heart rate is not sufficient to main­
tain cardiac output (65). Consequently, the effectiveness of the circulatory system in deliver­
ing blood both to the skin and workmg muscles is compromised. In the attempt to maintain 
central blood volume and blood flow to the active muscles, blood flow is redistributed away 
from the periphery (30, 44, 63, 65). A decrease in blood flow to the periphery of the body 
coupled with decreases in total body sweat rates (44, 87) with increasmg levels of dehydration 
results m an mcrease in core body tenq)erature (12,44, 81). This mcrease in core body tem­
perature is directly related to the magnitude of dehydration accrued during exercise (1). Ad-
olph (1947) observed that subjects had an elevation m core temperature of 0.20°C for each 
percent decrease in body weight occuring during work in the heat. 
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Effects of dehydration on physical performance 
Humans can commonly lose 2-8% of their body weight during exercise (78), especially 
during exercise in hot ten[q)eratures (1, 17). This loss of body water is associated with a 
marked reduction in the ability to perform both aerobic and anaerobic exercise, although pro­
longed aerobic exercise is more likely to be affected by dehydration. Adolph (1947) reported 
that soldiers walking in the desert were less likely to suffer heat exhaustion when consuming 
water ad libitum compared to those who consumed no water at alL Sawka et aL (1985b) ob­
served that eight subjects could walk 140 minutes in the heat (49°C) ^\dlen euhydrated or de­
hydrated by 3% of their body weight; however, one subject completed only 134 minutes after 
losing 5% of his mitial body weight. When dehydrated by 7% of initial body weight, six sub­
jects were able to walk only 64 minutes. Finally, running performance in 1,500 m, 5,000 m, 
and 10,000 m distances was reduced when runners had lost 2% of their body weight after diu­
retic administration (4). Running times were reduced to a greater extent in the longer distance 
races. 
Decreases in anaerobic power have been observed in athletes after a 5% dehydration 
(15, 96), although others have reported no change in anaerobic power after dehydration (50). 
Torranin et al. (1989) observed decreases in both isotonic and isometric muscular endurance 
(29% and 31%, respectively) at 75% of maximal voluntary contraction after 4% dehydration. 
Maximal aerobic power does not seem to be affected m a neutral environment until a 3% body 
weight loss is achieved; however, 2-4% losses in the heat progressively decrease mayimal 
aerobic power (24). 
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Body Fluid Shifts during Dehydration 
The Actors that govern body fluid shifts occurring as a resuh of losses in body water 
are complex and often difficult to discern because of the wide variety of ejq)erimental proto­
cols used to examine these fiictors. Filtration and absorption of water and solute across capil­
lary membranes can vary from one tissue to another and may change in response to such influ­
ences as body posture (37) and the type (33) and intensity of exercise (83). The hydration 
status of subjects (33), as well as acclimation to the heat (80) and gender are additional fac­
tors that affect the degree of fluid loss observed during heat and exercise exposure. In addi­
tion. the various measurements used to determine changes m body water, primarily plasma 
volume (hematocrit, hemoglobin, and plasma protein) can all give different impressions of the 
plasma volume response to heat and exercise. 
Effect of dehydration on plasma volume and resulting hemoconcentration 
As mentioned previously, thermal stress and exercise are usually accompanied by 
losses m body fluid volume. While water is lost from all body fluid coinpartments as a conse­
quence of free fluid exchange, more water is lost from the extracellular space (1, 17, 44); as 
body water loss increases, a proportionately greater percentage of the fluid lost in sweat 
comes from the intracellular conq)artment (17). However, the method used to mduce dehy­
dration may afreet the relative loss of fluid from the body fluid compartments. Plasma volume 
may be reduced to a greater extent during thermal dehydration compared to exercise-mduced 
dehydration (53), although this is not always observed (19). Administering diuretics to induce 
dehydration appears to resuh in greater water losses from the mtravascular space (4). De­
creases in plasma volume observed during thermal or exercise stress range from 4-20% (10, 
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17, 19, 25, 30, 42, 44, 64). In general, the more severe the stress, the greater the reduction in 
plasma vohune. 
The loss of fhiid from the intravasciilar space leads to an increase in the concentration 
of intravascular constituents, referred to as hemoconcentration. Sodium and chloride are the 
major electrolytes lost in sweat, but sweat is hypotonic relative to plasma. Therefore, plasma 
sodium and chloride concentrations are frequently, but not always, higher after dehydration 
(19, 63, 64). Changes m plasma osmolality are closely associated with changes m plasma so­
dium concentration, as sodium is the primary determinant of plasma tonicity. Heat (82) or 
exercise-induced dehydration results in an mcrease in plasma osmolality (10, 12, 17, 19, 30, 
64) that is directly related to the degree of dehydration accrued (63, 81). Further, plasma os­
molality stays elevated during (10) and after (63) exercise unless the fluid deficit is replaced 
(22). 
Indices used to determine plasma volume changes 
Contributing to the large range of values observed for plasma volume reductions re­
sulting from heat and exercise-induced dehydration may be the variety of methods used to 
determine plasma volimie changes. The hematocrit, hemoglobin concentration, and plasma 
protem concentration are the most commonly used indices to measure relative changes m 
plasma volume, usually expressed as a percent change from control or initial values. How­
ever, changes m each of these mdices may occur independently of changes m plasma volume, 
leading to mcorrect plasma vohune determinations. For instance, some investigators have ob­
served differences in plasma volume using the hematocrit and when determined mdependently 
of hematocrit changes (20, 94). Using the hematocrit to estimate changes in plasma voliune 
12 
also assumes that the ratio between venous hematocrit and ^^ole-body hematocrit does not 
change with dehydration (20). Blood sanqiles are usualfy taken from a per^heral vein, result­
ing in higher hematocrit values than those averaged over the total cell volume. For this rea­
son, a correction &ctor of 0.91 is often used (14). In addition, the use of the hematocrit to 
determine plasma volume changes assumes that &ctors altering plasma volume do not alter 
either the total volume occupied by the circulating red blood cells, or the volume of the indi­
vidual red blood cells, referred to as mean coipuscular volume (MCV). Previous research in­
dicates that red cell vohmie is not affected by heat stress or exercise (20). However, research 
regarding the effect of heat and/or exercise on MCV is not as conclusive. Greenleaf et al. 
(1979) observed that heat and exercise exposure does not alter MCV, whereas dehydration 
and long term (> 2 hours) stress does. Similarly, Costill et al. (1974) observed that 2% and 
4% body weight losses achieved by intermittent heat exposure altered MCV, and that changes 
in MCV were closely associated with changes in mean corpuscular hemoglobin concentration. 
Thus, the evidence regarding changes in MCV during heat and exercise exposure warrants the 
use of both the hematocrit and hemoglobin concentration to determine changes in plasma vol­
ume associated with dehydration. 
Plasma protein concentration has also been used to estimate changes in plasma volume 
during heat and exercise exposure. However, the use of plasma proteins for this purpose as­
sumes that they do not enter or leave the vascular system, or that the rate at v^ch protein 
leaves the intravascular space and the rate at which it returns is constant. Evidence suggests 
that these assumptions are not valid (82, 94). 
13 
The hormonal response to dehydration 
The volume and con^osition of vascular fluids are also controlled by neuroendocrine 
systems, whose essential conq)onents are the renin-angiotensin-aldosterone system and AVP. 
Heat e7q)0sure and exercise in the heat increases circulating levels of angiotensin 11 (52), 
plasma renin (10, 32, 51, 52, 62), plasma aldosterone (10, 32, 52, 62, 71, 78), and AVP (10, 
78); these elevated levels are maintained even during recovery from exercise (78). However, 
changes in the circulating levels of these hormones during and following exercise are influ­
enced by hydration (9, 10, 31, 32, 71, 86). Rehydrating with water or an isotonic solution 
during intermittent exercise in the heat greatly reduced plasma renin and AVP levels compared 
to the same exercise in wdiich subjects received no fluid (10). Similar results are observed in 
studies examining post-exercise rehydration, although the extent of the reduction m these 
fluid-regulating hormones depends some\^^at on the composition of the rehydration beverage 
consumed. The reduction is particularly marked when the beverage being consumed is water 
or a very dilute electrolyte solution. Plasma renin activity and aldosterone concentration re­
turned to control levels m subjects who had lost 2.5% of their body weight after one hour of 
rehydration with a dilute electrolyte solution (14.98 mmol/1 sodium, 7.95 mmol/1 potassium) 
(62). The reduced plasma renin activity and plasnM aldosterone concentration resulted in an 
inhibition of sodium retention by the kidneys, and an increase in urine volume leading to an 
incomplete recovery of plasma volume and total body water. 
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Factors Affecting Body Water Restoration following Dehydration 
Involuntary dehydration 
Individuals have been concerned with fluid balance during and after physical activity 
such as military training, industrial labor, and even marathon running since the turn of the 
century. However, earlier advice regarding fluid replacement tended toward discouraging 
drinking, as this was thought to improve the mental toughness of the athlete as well as test 
their fitness level. Since then, research examining the adverse cardiovascular and thermoregu­
latory effects of dehydration has documented the advantages of adequate fluid replacement. 
However, even \^4len fluids are consumed a large body of evidence indicates that himians have 
a poor ability to flilly rehydrate themselves following dehydration. This phenomenon is 
termed involuntary dehydration and was first defined by Edward Adolph ra 1947 as a delay in 
the fixU restoration of a body water deficit by drinking (1). Although it occurs in athletes (3, 
13, 70), and the elderly (61, 72), relatively little is known about the physiological mechanisms 
underlying this phenomenon. 
In a series of classical experiments, Adolph and his associates studied their responses 
to rest and exercise m desert conditions (2). They observed elevations in sweat rate, evapora­
tion and urine concentration, as well as decreases m sweat concentration and urine output in 
the desert. Water loss was fairly closely matched to water intake during resting conditions; 
however, subjects had little desire for water diuing exercise, and failed to adequately replace 
water losses during recovery. In &ct, the desire for water seemed to be attenuated before 
much of the water that was ingested was absorbed mto the bloodstream, hi support of this, 
Takamata et al. (1994) recently observed an increase in the subjective rating of thirst m sub­
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jects after dehydration; this rating returned to control levels immediately after the onset of 
drinking, even though body water balance was not con^letely restored. 
Later experiments by Adolph et aL (1947) both in the desert and a hot room again 
demonstrated that men working in desert conditions did not replace all the water lost by 
sweating even though water was readily available. Adolph et aL (1947) also observed that 
men drank less v^en exercising as opposed to resting, and that thirst was not perceived until a 
2% loss in body weight was attained. A study by Pitts et al (1944) showed that ad libitum 
fluid mtake is better than consuming no fluid m desert conditions since heart rate and rectal 
temperature remain lower while marching (73). However, wdien soldiers were forced to drink 
a volume equal to the volume lost in sweat every hour they were able to march up to 16 hours 
with no adverse cardiovascular or thermoregulatory eflfects. These findings suggest that mvol-
untary dehydration arises because the thirst sensation is temporarily relieved once drinking 
takes place, even before all of the mgested water has been absorbed from the gastromtestinal 
tract. Consequently, subsequent research has focused on factors that may influence an athlete 
to consume greater fluid volumes, as well as promote a greater body water restoration 
through improved gastric emptying and/or intestinal absorption. 
Composition of a rehydration beverage 
The composition of the fluid available for mgestion may affect the degree of voluntary 
dehydration experienced by an mdividual, and thus the degree of rehydration achieved. Fac­
tors such as temperature, pH, caffeine, carbonation, volume consumed, and palatability of the 
beverage, as well as exercise and heat stress, addition of carbohydrates and electrolytes, and 
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concommittent food consumption all influence not only the extent to \^ch an individual in­
gests fluids, but also the availability of fluids once digestion and absorption has taken place. 
The rate at A^diich a fluid enters the vascular system is a combination of how quickly 
that fluid is emptied from the stomach and how quickly it is absorbed by the mtestine. Gastric 
emptying can be influenced by a number of fectors, including environmental conditions, exer­
cise intensity, and hydration status (21, 67, 77), as well as beverage temperature, volume, and 
concentration (21). Intestinal absorption is also affected by several fectors, including carbo­
hydrate and electrolyte concentration (29). 
Temperature 
Colder beverages (5°C) empty from the stomach fester than warmer ones (21), al­
though this is not always observed (59, 89). In addition, colder rehydration beverages are in­
gested ad libitum to a much greater extent during rehydration compared to warmer beverages 
(I, 90, 91). During mtermittent work in the heat, subjects ingested larger volumes of 15°C 
water compared with 40°C water (91), thereby increasing plasma volume and minimizing 
body weight loss. Boulze et aL (1983) studied water mtake at a range of temperatures and 
found an increase m voluntary consumption of water between 0°C and 15°C; ingestion de­
clined when water tenq)eratures were greater than 15®C. Interestingly, uiien subjects were 
allowed to choose water temperature accordmg to their own preference, the mean tempera­
ture was 14.9°C. 
pH 
Although intestinal pH may influence intestinal transport of water and electrolytes (34, 
74), there are no data regarding the influence of beverage pH on rehydration following exer­
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cise or thermal dehydration, and only one investigation on fluid replacement during exercise 
(7). In this study, the ingestion of a carbohydrate-electrolyte solution with a neutral pH (6.1) 
resuhed in a significantly higher plasma volume after three hours of exercise compared to 
water or an acid carbohydrate-electrolyte solution (pH 3.4). 
Caffeine 
Because of caflfeme's well known effect of promoting fluid excretion by the kidneys, it 
is not surprising that the mclusion of caffeine m a rehydration beverage impairs restoration of 
fluid balance (36). In this study, inclusion of caffeine resulted in a larger urine volume and 
significantly lower recovery of body water (54%) compared with either water (64%) or a car­
bohydrate-electrolyte beverage (69%). 
Carbonation 
The presence of carbonation m a rehydration beverage may affect both the palatability 
of the beverage as well as how quickly the beverage leaves the stomach, although this is not 
commonly observed (43, 54). No differences were observed during exercise and recovery 
from dehydration between glucose beverages with or without carbonation when subjects con­
sumed ad libitiun (43) or drank a volume equal to the volume of fluid lost during dehydration 
(54). 
Exercise and heat stress 
Gastric emptying rates are reduced by 35% in hot compared to neutral temperatures, 
making it diflicult to consume fluid at the same rate that it is lost in sweat (67). Gastric emp­
tying rates are also reduced when subjects are hypohydrated and exercising in the heat (67). 
Exercise intensities up to 65-70% VOjmax have no effect on gastric emptying vvMe intensities 
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beyond this tend to inhibit gastric emptymg (21). Gastric emptying does not appear to be af­
fected by the duration of exercise (21) or heat acclimation (67). 
Palatability 
The addition of sodium to a rehydration beverage may affect the palatability of that 
beverage, although this is not always observed. Baker et aL (1963) observed that voluntary 
water intake increased with beverages containing 393 mOsm/1 and 530 mOsm/l NaCl, but not 
when beverages contained 803 mOsm/1 and 1,104 mOsm/l NaCL However, palatability of 
sodium-containing solutions may change throughout the process of dehydration and subse­
quent rehydration (92). Prior to dehydration, subjects rated the palatability of hypotonic NaCl 
solutions as neutral; palatability ratings of hypertonic solutions were increasingly negative with 
increasing NaCl concentrations. One hour following exercise, palatability ratings increased 
for hypotonic solutions, and decreased one hour after the onset of rehydration. Interestingly, 
as rehydration progressed, palatability ratings to hypertonic NaCl solutions became less nega­
tive (especially 17 and 23 hours later). 
However, the sodium concentration of a rehydration beverage does not always affect 
palatability and thus the degree to v^ch athletes will consume a particular beverage. Meyer 
et al. (1995) showed no differences in total voliune intake during 30 minutes of recovery from 
exercise in 9-12 year olds between water and three different carbohydrate drinks containing 
different sodium levels (0, 8.8, and 18.5 mmol/1). Similarly, Maughan et aL (1995) observed 
no differences in palatability ratings of beverages containing 2, 26, 52, and 100 mmol/1 so-
diiun. Similar resufts were oberved in subjects consuming beverages containing either 23 
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mmol/l sodhun or 61 mmol/l sodhim in volumes equal to 50, 100, 150, and 200% of the fluid 
volume lost during dehydration (86). 
Flavoring the beverage can also have a significant influence on fluid intake. Hubbard 
et aL (1984) observed that subjects walking in simulated desert conditions consumed more of 
a cooled (15°C) cherry-flavored beverage at a fester rate compared to warm (40°C) unfla-
vored water, leading to 80.5% vs 37% restoration of body weight, respectively. However, the 
addition of flavoring to a rehydration beverage may be more important for mdividuals classi­
fied as reluctant drinkers (those that do not drink enough to maintam at least a 2% body 
weight loss) (90). Drinkers restored their body weight by 82% when drinking cool water 
compared to 77% for cool flavored water, whereas reluctant drinkers had a greater rehydra­
tion level when cool water was flavored (63%) compared with non-flavored (54%) water. 
Carbohydrates 
There is some evidence that beverages with more than 2.5% carbohydrate inhibit gas­
tric emptying and may therefore slow fluid delivery to the vasculature (21). On the other 
hand, at least two studies have shown that ingestion of 10% carbohydrate solutions are as ef­
fective in replacing water deficits as water (22, 54). However, fluid replacement depends on 
both gastric emptying and intestinal absorption. Absorption of water through the small mtes-
tine membrane is accelerated by the active transport of both glucose and sodium (35), appar­
ently through a common cotransporter (29). Besides providing energy, the addition of carbo­
hydrate to a rehydration beverage may therefore fecilitate net water absorption in the small 
intestine. Inclusion of carbohydrate m rehydration beverages would be particularly desirable 
dining the period immediately following exercise, since muscle glycogen resynthesis is tripled 
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when carbohydrate is fed immediately after exercise, conq}ared with a feeding two hours later 
(49). 
It has been reported that gastric emptying is reduced with mcreases in glucose concen­
tration (84). However, glucose solutions empty at similar rates when gastric en^jtying rates 
are ejqjressed as the rate at wtoch calories en:q)ty from the stomach (11). Gastric enq)tymg 
may also be affected by the type of monosaccaride ingested (84). Xylose and arabanose 
markedly prolong gastric en:q)tying compared to ghicose, possibly due to the slow absorption 
of these pentoses which increases luminal osmolality. Although these authors found that su­
crose, fructose and pol)^exose, a synthetic polysaccaride, had similar rates of gastric empty­
ing to glucose, others have observed that isocaloric fruaose solutions empty fester than glu­
cose solutions (26). However, smce mgestion of high concentrations (10%) of fructose may 
result in gastrointestinal distress and diarrhoea, the addition of fructose to rehydration bever­
ages for active individuals may not be optimal (75). Finally, a mixture of different carbohy­
drate types may be desirable, since activation of multiple solute transport mechanisms may 
promote intestinal water reabsorption (85). 
Osmolality 
The importance of osmolality in rehydration solutions is a complex and unsettled issue. 
Hypertonic drinks may slow gastric enqjtying (12, 23, 46) and impair rehydration (12, 57). In 
addition, hypertonic solutions can result in gastrointestinal discomfort (12). Therefore, iso­
tonic fluids have been recommended to the active individual for fluid replacement. In con­
trast, some human studies suggest that hypertonic carbohydrate-electrolyte solutions do not 
impair rehydration compared with water (22, 54). 
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Intesdnal water absorption has been shown to be negatively correlated to the osmo­
lality of the test solution. When a hypertonic sohition is infiised directly into the small intes­
tine, net water secretion occurs, resulting in a drop in plasma vohmie (11). Thus, moderately 
hypotonic solutions (180-240 mOsm/L) may promote a greater water absorption than solu­
tions of a higher (310-333 mOsm/L) tonicity (28,47, 48, 95). Shi et aL (1994) determined 
the mtestinal absorption of test solutions with osmolalities of 186, 283, and 403 mOsm/L. 
Although each solution contained 6% carbohydrate, different combinations of glucose, su­
crose, fructose, and mahodextrin were used to alter osmolality. These authors found that 
differences in solution osmolality were eliminated in the proximal duodenum. Net fluid ab­
sorption from both mixmg and test segments was 17% higher with the hypotonic solution 
compared with the hypertonic solution. Surprisingly, however, the improved absorption of 
water did not in^rove plasma volume restoration. 
Electrolytes 
As mentioned previously, sodium and glucose significantly enhance net fluid absorp­
tion in the small mtestine (29). Saunders and Sillery (1985) have determined that mtestinal 
sodiimi concentrations ranging from 90-120 mmol/1 result in maximum water absorption. 
However, most sports drmks contain much lower concentrations of sodium than is optimal for 
water absorption. Nonetheless, many studies show that consuming sodium in a rehydration 
beverage is more effective in promoting body water restoration conq)ared with ingesting wa­
ter. Nose et aL (1988a) studied subjects rehydrating ad libitum with tap water and capsules 
containing either placebo or 0.45g NaCl/lOOml water after a 2.3% dehydration. Plasma vol­
ume returned to control levels by 20 minutes when NaCl was consumed compared to 60 
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minutes with the placebo. Subjects restored 68% of the water lost with the placebo and 82% 
wiien NaCl was given. This in^jroved recovery of body fluid status was associated with a 
significantly red.uced urine volume. These fmHmgg of a reduced urine production and un­
proved restoration of plasma volume with the inclusion of sodium have been observed by oth­
ers (55, 58, 86). Maughan et aL (1994) reported lower urine volxmies and a more rapid re­
covery in plasma volume when subjects consumed beverages containing sodiimi, potassium, 
glucose, or a combination of all three compared to an electrolyte-free beverage. Thus, the 
addition of sodium to a rehydration beverage not only facilitates glucose and water absorp­
tion, but may also serve to retain both the osmotic and volume dependent drives for drinking, 
thus reducing voluntary dehydration. Ingesting sodiiun mcreases plasma osmolality and ECF 
sodium concentration, stimulatmg both the osmoreceptor-mediated increase m AVP secretion 
as well as thirst. The thirst mechanism is also stimulated by the renin-angiotensin system in 
response to a drop in ECF volume. Sodium ingestion prevents the rapid increase in plasma 
volume without simultaneous solute replacement that occurs with water mgestion. The volun­
tary dehydration observed when only water is given may serve as a defense mechanism against 
hypo-osmolality of the extracellular and intracellular compartments. Without this defense 
mechanism in place, plasma sodium levels may fall dangerously low m rare cases, leading to 
hypotonic hyponatremia, or water mtoxication (69). 
Interestingly, inclusion of additional sodium in the diet may facilitate the adaptations 
that occur in response to heat acclimation. Consumption of a high sodium diet (399 
mmol/day) may accelerate the mcrease in plasma volume and lowering of heart rate and body 
tenq)erature associated with heat acclimation compared with a low sodimn (89 mmol/day) 
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diet (5). On the other hand, others have not shown an enhanced rate of acclimation A^en 
subjects drink a connneicial carbohydrate-electrolyte drink conq>ared with water (18). 
It has been hypothesized that since potassium is the major cation of the intracellular 
space, inclusion of potassium in a rehydration beverage may enhance the replacement of intra­
cellular water after exercise, promoting rehydration (66). Maughan et aL (1994) have recently 
shown that potassium is as effective as sodium in promoting whole-body water retention, 
while the restoration of plasma volume is delayed compared with the ingestion of a sodium-
containing beverage. In this study, there did not appear to be any additive effect of including 
both electrolytes. Nielsen et al. (1986) also observed a slower rate of plasma volume restora­
tion with a potassium-sodium drink con^)ared with a drink containing only sodium. Although 
it is difficult due to methodological considerations to distinquish between changes in the vol­
ume of different fluid compartments, these data suggest that sodium and potassium may pref­
erentially promote restoration of extra-and intracellular volumes, respectively. 
To date there have been no studies \\iiich have examined whether adding calcium to a 
rehydration beverage would enhance the effectiveness of rehydration. It has been shown, 
however, that calcium may reduce gastric emptying and therefore limit fluid delivery (84). 
Volume 
It appears that there is a relationship between the electrolyte concentration of a rehy­
dration beverage and the volume consumed since sinoply adding electrolytes to a rehydration 
beverage is generally not adequate in restoring body fluid balance vy^en subjects are allowed 
to consume ad libitum (3, 70). Wrestlers with a 4.6% body weight loss induced by fluid depri­
vation, semi-starvation, and moderate exercise did not fiiUy restore body fluid losses after one 
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hour de^ite consuming a 5% ghicose-electrolj^e sohition ad libitum (3). Body weight and 
plasma vohmie were still 2.6% and 1.6% below pre-dehydration values, respectively. Simi­
larly, subjects only replaced 35-47% of the fluid lost during exercise when consuming ad libi­
tum an 8% carbohydrate drink for one hoiu: after exercise (43). Body fluid deficits ranged 
from -2.5-3.0% of pre-dehydration body weight after the rehydration period. 
Reqiiiring subjects to consume a voliune of fluid equal to or greater than the volume of 
fluid lost greatly improves body water and plasma volume restoration, but 100% rehydration 
is not always achieved if the beverage is a dilute solution low in electrolyte concentration. 
Subjects rehydrating with a commercial glucose-electrolyte sohition (21 mmol/1 sodium, 2.5 
mmol/1 potassium) after 4% dehydration retiuned to initial body weight after 4 hours of rehy­
dration (93). However, plasma volume was still lower than mitial levels, despite the 6ct that 
athletes consumed fluid volumes that were equal to the fluid deficit attained during dehydra­
tion. In addition, fluid replacement was not effective in restoring isometric and isotonic mus­
cular endurance to levels achieved prior to dehydration. Costill and Sparks (1973) determined 
that a glucose-electrolyte beverage (22 nomol/l sodium) mgested after a 4% loss in body 
weight achieved via heat-induced dehydration was more efifective in restoring plasma volume 
to faiitial levels than either receiving no fluid or water. Plasma volume remained 11-12% be­
low normal with no fluid, but returned toward initial levels with water and the glucose-
electrolyte beverage. Interestingly, neither beverage con^)letefy restored PV by the end of the 
three hour rehydration period. In fact, PV remained 2.4 and 5.5% below predehydration val­
ues with ingestion of the glucose-electrolyte beverage and water, respectively, 24 hours after 
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the rehydration period. Ingesting water caused a decline in serum osmolality, resutang in a 
higher urine volume ^^lich contributed toward the lack of plasma vohune restoration. 
On the other ImnHj Gonzales-Alonso et aL (1992) observed a restoration in blood vol­
ume in subjects consuming a carbohydrate-electrolyte beverage with the same sodium concen­
tration used in the previous study (22 mmol/1 sodium). Consuming water and a caffeinated 
diet cola did not restore blood volume after two hours of rehydration. Serum osmolality was 
significantly higher with ingestion of the carbohydrate-electrolyte beverage compared with 
water and diet cola, resulting in a lower urine volume and greater percent rehydration (69%, 
64%, and 54%, respectively). One explanation for the difference noted between these two 
studies may be the shorter rehydration period used in the latter study, vsiiich resulted in the 
consumption of higher fluid volumes. Ingesting large volumes increases gastric emptying (2 L 
62), although voliunes greater than 600 mis do not fiuther increase gastric emptying. A 
greater gastric emptying rate would mcrease the rate of fluid entry mto the vascular system, 
possibly accounting for the greater blood vohune restoration seen in Gonzales-Alonso et al. 
(1992). 
The observation that consuming fluid volumes equal to the volumes lost during dehy­
dration is not always effective in restoring body weight and plasma volume to initial levels 
(due to ongoing urine formation) has led some investigators to suggest that consuming vol­
umes exceeding those lost during dehydration are necessary to achieve adequate rehydration. 
Mitchell et aL (1994) examined subjects consuming a carbohydrate-electrolyte beverage 
(14.98 mmoI/1 sodium, 7.95 rranol/1 potassium) after dehydration in vohunes equal to 100% 
and 150% of the volume lost during exercise. A greater percent rehydration was achieved in 
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the 150% conditioii (67.9%) coiiq)ared with the 100% conditioii (48.1%); however, this was 
afirnmpanieH by large gastric and urine vohunes. In addition, plasma volume was not comr 
pletely retumed to pre-dehydration levels in either condition. There were no significant differ­
ences in plasma renin or aldosterone between conditions, although these hormones were ele­
vated following exercise and retumed to pre-dehydration levels after one hour of rehydration. 
Again, it appears that rehydrating with large volumes of a dilute electrolyte beverage causes a 
drop in plasma osmolality and sodium concentrations, leading to an increase in urine output. 
This is fiuther exacerbated by the reduction in the fluid regulating hormones. Nielsen et al. 
(1986) observed a conq)lete plasma volume restoration 30-45 minutes after consuming three 
beverages containing various amounts of sodium and glucose in nine 300 ml portions every 15 
minutes. After two hours of rehydration, plasma volume was significantly higher than pre-
exercise levels while urine volumes were lower with the drinks containing the highest sodium 
concentrations. The mean weight loss during dehydration was 2,530 g (range 2,050-3,650 g) 
whereas the drink volume was 2,700 ml; therefore some subjects may have ingested more 
fluid than they lost during dehydration. The difference in these results and those obtained by 
Mitchell et aL (1994) are likely due to the higher sodium concentrations used in Nielsen et al. 
(1986). 
Interaction between fluid volume consumed and sodium content 
Maughan et aL (1995) examined the effect of increasing sodium concentrations (2, 26, 
52, and 100 rmnol/1) on rehydration when subjects consumed a fkiid volxmie equal to 150% of 
that lost during dehydration. As expected, the fraction of ingested fluid retained was directly 
related to the sodium concentration. Urine volimies were smaller with increasing sodium con­
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centrations, leading to a greater plasma volume recovery in subjects consuming 52 and 100 
mmol/1 sodium beverages. This resulted in subjects achieving net fluid balance six hours fol­
lowing a 30 minute rehydration period. However, simpfy increasmg the sodium concentration 
of a rehydration beverage without consuming an adequate volume will not ensure hydration is 
achieved; likewise, increasing the volume consumed without providing enough sodium will 
lead to the same end. In subjects consuming a low sodium beverage (23 mmol/I), increasing 
the voliune consumed from a volume equal to 150% to one approximating 200% of the fluid 
volume lost during exercise merely mcreases urine volume; net fluid balance was the same six 
hours after a 60 minute rehydration period (86). addition, ingesting fluid volumes equal to 
200% of the volume lost during exercise resuhed in significantly lower plasma aldosterone and 
angiotensin n concentrations conq)ared to ingesting volumes equal to 50% of the volume lost. 
When the same volumes of a beverage containing 61 mmol/1 sodium are consiuned, subjects 
were significantly better hydrated in the 200% condition. Thus, mgesting a rehydration bever­
age with an adequate sodium concentration in an appropriate volume maintains the elevation 
in fluid-regulating hormones, which m turn promotes sodium and water reabsorption by the 
kidneys. 
Food consumption 
It has previously been shown that food consumption has a significant impact on fluid 
intake (1, 90, 91) and consequently rehydration (56, 88). Adolph and Dill (1938) observed 
that while individuals adjusting to desert conditions did not replace their fluid losses ade­
quately, they consumed more fluid at mealtime and after exercise than other times of day. 
This has since been observed in individuals both at rest and during exercise. Beverage intake 
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during meals was significant^ greater than the volume of beverage consumed between meals 
in resting men; 68% of the total daily fluid intake was consumed at mealtimes (27). Individu­
als allowed to drink ad libitum while walking six hours in simulated desert conditions in­
creased their fluid intake by 50-100% during a 30 minute period wdien food was available 
(91). 
There are relatively few studies that have examined the effect of simukaneous food 
and fluid intake on rehydration and subsequent exercise performance. Sproles et al. (1976) 
observed that athletes were able to restore 4% and 7% body weight losses after a five hour 
rehydration period wiien subjects consumed a carbohydrate-electrolyte beverage (21 mmol/I 
sodium. 2.5 mmol/1 potassium) along with a meaL In addition, stroke voliune, cardiac output, 
and arteriovenous oxygen differences were returned to pre-dehydration levels after rehydra­
tion. Similar results were observed by Maughan et aL (1996) in subjects consummg a meal 
along with water m a volxmie equal to 150% of the mass lost during dehydration. Subjects 
were in a more positive fluid balance one hour after the end of the rehydration period, and 
were euhydrated six hours later, v^^ereas subjects consuming the beverage only were m net 
negative fluid balance throughout the six hour period. The concentration of angiotensin U 
was higher in the meal condition compared to the liquid only trial; this contributed toward 
smaller cumulative urine volumes, greater electrolyte retention, and a greater fraction of the 
ingested fluid retained. These data provide evidence that food ingestion following heat and 
exercise-mduced dehydration may be significant in promoting optimal body fluid restoration. 
However, the effect of food ingestion and the hormonal changes caused by food intake needs 
fiirther evaluation due to the limited data available. 
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Summary 
Rehydratioii with water dihites the blood, decreases plasma osmolality and plasma so­
dium concentrations, and alters fluid regulating hormone concentrations, and results in an in­
crease in urine formation and delay in rehydration. It is clear that to effectively coimteract the 
body fluid losses occurring during heat and exercise-induced dehydration, rehydration bever­
ages containing sodium must be consumed in a volume that matches or exceeds the volume 
lost during dehydration. However, consuming large volumes of fluid at frequent intervals fol­
lowing exercise is not always practical for the athlete, and noay lead to large gastric volumes. 
In addition, the optimal concentration of sodium required in a rehydration beverage remains 
unclear. The sodium concentrations of commonly used sports drinks are quite low in the at­
tempt to match sweat electrolyte concentrations. Perhaps the ingestion of higher sodium con­
centrations will enhance rehydration, as well as reduce the volume of beverage an athlete is 
required to drmk. Fiuthermore, ingesting fluid as well as food following dehydration, a com­
mon practice among athletes, may significantiy impact body water restoration. 
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Abstract 
To investigate the influence of sodium concentration on rehydration, 18 subjects (10 
male, 8 female) were studied during a three hour rehydration period following a 2.6% loss in 
body weight, attained with exercise and heat (65 °C) exposure. On four different days, sub­
jects rehydrated with water (H2O), and broth containing various concentrations of soditun 
(LO: 31.5 mmolA; MED; 109.5 mmol/1; HI 159.5 mmol/l). Broth was given in equal volumes 
every 20 minutes for a total volume equal to body weight loss during dehydration. After three 
hours of rehydration, recovery of body weight was higher (p<0.05) in MED vs LO (73 + 3% 
vs 61 + 4%). Percent recovery in plasma volume (PV) was higher (p < 0.05) in MED (105 ± 
1%) and HI (104 + 2%) compared with H2O (97 ± 2%). Urine volume was greater (p<0.05) 
in H2O (351 ± 57 ml) and LO (379 ± 29 ml) vs MED (229 ± 18 ml) and HI (195 ± 21 ml). 
Urine specific gravity and osmolality were higher (p < 0.05) m MED and HI vs HjO and LO. 
Plasma osmolality was higher in HI and MED compared with H2O, while plasma sodium was 
higher m LO, MED, and HI conq)ared with H2O (p < 0.05). Plasma potassium concentration 
was higher in LO conopared to aU other beverages, and higher m MED compared with HI (p < 
0.05). Plasma calcium concentrations were higher (p < 0.05) m LO, MED, and HI compared 
with H2O. There were no significant differences m blood pressure or rectal tenq)erature dur­
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ing the rehydration period among groups consuming the different beverages. These results 
provide evidence that the inclusion of sodium in rehydration beverages increases fluid reten­
tion and improves whole body and plasma volume restoration. 
Introduction 
Exercise in the heat induces substantial body water and electrotyte losses which may 
adversely a£fect both cardiovascular and thermoregulatory processes. Offsetting this loss by 
ingesting fluid during or following exercise is important for the athlete, particularly those fac­
ing subsequent exercise bouts. However, hiunans often do not voluntarily consume adequate 
amounts of fluid to replace body water losses (2, 4, 17), a phenomenon referred to as involun­
tary dehydration (1). Even when athletes consume volumes equal to or greater than 100% of 
the fluid voliune lost during exercise, complete restoration of body weight loss may not be 
achieved when the rehydration beverage is water or a solution low in electrolyte concentration 
(16,21, 22). These dilute electrolyte beverages may not restore body weight and plasma vol­
ume to initial levels due to the large urine volimies generated, secondary to decreases in 
plasma osmolality and sodium concentration (22). 
Evidence fi-om the few studies that have examined post-exercise rehydration support 
the addition of electrolytes to a rehydration beverage for promotion of body water restoration, 
although the composition of the rehydration beverage, as well as the methodology used m 
these smdies differs widely (15, 20, 24, 26). As sodium is the major extracellular ion, it fol­
lows that includnig sodium in a rehydration beverage may influence the restoration of the ex­
tracellular (and consequently plasma volume) fluid space. Greater recoveries in body water 
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restoration are observed wdien subjects consume beverages containing higher sodhun concen­
trations (15, 21, 24). For exart^le, Maughan et aL (1995) observed a positive net fluid bal­
ance (calculated from the volumes of fluid ingested, sweat loss, and urine output) when sub­
jects consumed beverages containing 52 and 100 mmol/1 sodium, wMe solutions containing 
less sodium (< 26 mmol/1) resulted in a negative net fluid balance 5.5 hours after a 30 minute 
rehydration period. 
Interestingly, previous investigations suggest that drinks containing high potassium 
concentrations do not restore plasma volmne or body weight as effectively as those containing 
high sodiiun concentrations, possibly due to a preferential restoration of the intracellular fluid 
space (23, 24). On the other hand, Maughan et aL (1994) found no significant differences m 
net fluid balance after subjects rehydrated with drinks containing sodium or potassium 
It is clear that both the sodium concentration of the rehydration beverage, as well as 
the volume ingested, are important in adequately restoring body water losses. Subjects ingest­
ing beverages containing 60 mmol/1 sodium in volumes equal to 150% and 200% of the fluid 
volume lost during dehydration were m net fluid balance in the 150% condition and hyperhy-
drated m the 200% condition at the end of the six hour study period (30). However, a greater 
fraction of the ingested fluid was retained m subjects consuming a volume equal to 100% of 
the volume lost during dehydration compared to those ingesting volumes equal to 50%, 
150%, and 200% of the fluid volume lost, leading to smaller urine volumes. Similarly, a 
greater percent rehydration was seen in subjects consuming volumes equal to 150% of the 
fluid volume lost during dehydration compared to 100%, although this resulted in large gastric 
and luine volumes (22). Thus, it is unclear as to \^^ether there is an advantage to ingesting 
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volumes of fluid that exceed the vohime lost duiing exercise due to the gastric fiillness and 
large urine vohunes that result, possibly delaying rehydration. 
Relatively low electrolyte concentrations were used in previous studies as well as m 
most current sports drinks in an attempt to preserve palatability and to match sweat electro­
lyte concentrations. We hypothesized that an adequate level of rehydration may be achieved 
without ingesting extreme volumes of fluid if the sodium concentration in the rehydration bev­
erage is increased. Therefore, the purpose of this study was to examine the effectiveness of 
three beverages containing low, medium, and high sodium concentrations in restoring body 
weight and plasma volume losses when beverage vohime is matched to fluid loss. 
Methods 
Subjects. Eighteen subjects (10 male, 8 female) were recruited to participate as subjects in 
this study. These subjects were physically active college age subjects wdio typically exercised 
three to four days per week. Informed consent was obtained from the subjects in accordance 
with the guidelines established by the Himian Subjects Review Board of Iowa State Univer­
sity. Laboratory measurements were made on four different days, separated by at least one 
week. Physical characteristics of the subjects are presented in Table 1. 
Dehydration. Subjects underwent a combmation of thermal and exercise-induced dehydra­
tion, followed by a three-hour rehydration period with one of four diflferent beverages, as­
signed in a randomized cross-over design. Subjects reported to the laboratory at 7:00 am af­
ter an overnight fast and at least 16 hours after exercise. Subjects voided and a body weight 
was obtained. A resting blood sanq)le (5 ml) was obtained by venipuncture without stasis for 
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the determination of hemoglobin, hematocrit, osmolality, and plasma sodium, potassium, and 
calcium concentrations. A probe was inserted to a depth of 8 cm beyond the anal sphincter 
for the measurement of rectal temperature. Subjects then underwent 20 minutes of light ex­
ercise on a cycle ergometer (50-100 watts) at 20°C, followed by 10 minutes of sauna expo­
sure at 65 °C. Subjects repeated the alternating periods of exercise and sauna exposure until 
between 2-3% of the initial body weight was lost. During the dehydration period, which took 
90-120 minutes, rectal tenq)erature and heart rate were monitored every 30 minutes. All urine 
was coUected and pooled for the determmation of total urine volume, specific gravity, osmo­
lality, and sodium and potassium concentrations. 
Rehydration. After the dehydration period subjects underwent a 30 minute transition period 
to allow the body fluid compartments to stabilize (25). During this time, subjects changed 
into dry clothes and a teflon catheter was mserted into a forearm vein. The catheter was kept 
patent with mfiision of 1-3 ml of 0.9% sodium chloride every 20 minutes during the rehydra­
tion period. Following the 30 noinute transition period, subjects began a three-hour rehydra­
tion period in a thermoneutral environment (20°C). Subjects were in a seated position 
throughout the rehydration period. Subjects rehydrated with an equal volume of one of four 
different beverages including water (H2O) and three chicken-based broths of low (LO), me­
dium (MED), and high (HI) sodimn concentration (Table 2). Although all beverages were 
essentially isotonic, osmolality mcreased with increasing sodium concentration. The potas­
sium concentration was markedly higher in the LO compared with the MED and HI bever­
ages. The beverages were kept at a tenq)erature of 30°C. Subjects ingested equal volumes of 
the beverage every 20 minutes during the rehydration period. The total voliune ingested by 
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each subject throughout the three-hour rehydration period was equal to the volume of water 
lost during dehydration. The total sodium mtake averaged 64.0 + 4.8 mmol, 220.8 + 15.0 
mmoL, and 320.4 + 22.1 mmol for LO, MED, and HI, respectively. Blood samples, blood 
pressure, rectal tenq)erature, and body weight were obtained at the beginning of the rehydra­
tion period and every 20 minutes thereafter. Blood samples were taken after the fluid in the 
dead space of the catheter was discarded, and were innnediately transferred into tubes contain­
ing lithhim heparin for later analysis. Upon completion of the rehydration period, subjects 
voided and a final body weight was obtained. Urine was collected and measured for total vol­
ume, spedfic gravity, osmolality, and sodium and potassium concentrations. 
Percent rehydration. The percent of body weight lost during dehydration that was regained 
during rehydration was used as an index of \^diole body rehydration (15). The percent rehy­
dration represented the amoimt of ingested fluid that was retained after the rehydration period. 
Percent rehydration was determined using body weight and was calculated as: 
Percent rehydration = IBWDH - (BWPRE - BWRH¥kg)] x 100 
Fluid mtake (kg) 
where: BWPRE = mitial body weight 
BWDH = body weight lost during exercise 
BWRH = body weight after rehydration 
Biochemical analysis. Hemoglobm concentration was determined in triplicate using the cy-
anmethemoglobin technique and hematocrit was determined in tripUcate after microcentrifu-
gation. Hematocrit measurements were corrected for plasma trapped within the packed red 
cells (0.96) and also for venous to total body hematocrit ratio (0.91) (5). Percent changes in 
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plasma volume jfrom pre-exercise values were calculated using hematocrit and hemoglobm 
concentrations according to Dill and Costill (1974): 
BVA = BVB(HBB/HBA) ABV, % = 100(B VA - BVB)/BVB 
CVA = BVACHCIA) ACV, % = 100(CVA - CVB)CVB 
PVA = BVA - CVA APV, % = IOO(PVA - PVB)/PVB 
where: B V = blood volume Hb = hemoglobin concentration 
CV = red cell volume Hct = hematocrit 
PV = plasma volume B, A = before and after dehydration 
BVB = 100 
AU plasma volume changes were calculated with reference to the pre-dehydration values ob­
tained for the water triaL Blood samples were then centrifiiged, and the plasma separated and 
stored at -20°C for later analysis of plasma electrolytes and osmolality. Plasma and urine os­
molality were determined in duplicate using a Vapor Pressure Osmometer (model 5520, Wes-
cor Inc., Logan, Utah). Plasma and urine electrolytes were measured in duplicate using a 
digital flame analyzer (model 2655-00, Cole-Parmer, Chicago, Illinois). 
Dietary and exercise control. Subjects maintained a dietary record for three days prior to 
the initial trial Subjects were required to dupUcate this diet for three days prior to each of the 
last three trials. In addition, subjects were instmcted to drink one extra liter of water the day 
before all four trials to ensure euhydration. Diet composition for the day prior to each trial 
was analyzed using a computer program (FoodComp, ISU). There were no significant diJBfer-
ences in diet composition due to trial (Table 3). Subjects also recorded all physical activity 
performed for three days prior to the initial trial, and reproduced this activity pattern for the 
three days prior to the following trials. 
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Statistics. Results in the text, tables, and figures are e>q)ressed as means ± SE. The blood 
mgaairementSj blood pressure, and rectal temperature dunng rehydration were subjected to an 
initial two-way repeated measures anafyses of variance; this was followed by Newman-Keuls 
post hoc tests wdiere appropriate. All other data were analyzed using one-way analyses of 
variance Differences among treatments were accepted as being significant when a p value of 
less than 0.05 was obtained. 
Results 
The mean weight loss due to combined exercise and temperature exposure was 1.86 ± 
0.09 kg, a percent body weight loss of 2.6 ± 0.1%. There were no significant diflferences in 
body weight or percent change in body weight before and after dehydration and after rehydra­
tion with respect to trial During the rehydration period, subjects drank 207 + 8 ml every 20 
minutes. Body weight was significantly greater in the males, leading to a greater (p < 0.05) 
percent weight loss (2.8 ± 0.1% vs 2.4 + 1.0%) and total volimie of fluid consumed (2,426 ± 
97 ml vs 1,624 + 64 ml) in the males compared with the females. There were no significant 
differences between males and females in percent recovery of body weight and plasma vol­
ume, or in any of the urinary measurements. Therefore, the data for both the males and fe­
males were combined. 
Percent rehydration. At the end of the three hour rehydration period, subjects remained 
somewdiat hypohydrated under all conditions studied (Table 4). Fluid lost during the rehydra­
tion period in urine, sweat, and respiration, as well as the body weight lost due to metabolism, 
contributed to the inconq)lete rehydration. The percent of body weight loss that was regained 
at the end of the three-hour period during MED was significantly greater than LO (72.8 + 
2.6% vs 60.9 ± 4.2%, respectively; p<0.05). There were no .significant differences m percent 
rehydration after ingesting the other beverages. 
There were no significant differences in rectal ten^erature due to trial during the rehy­
dration period. In addition, there were no significant differences in systolic or diastolic blood 
pressure during the rehydration period between trials (Table 5). 
Plasma volume. Followmg combined intermittent exercise and saima exposure, plasma vol­
ume decreased by 7.8% for all trials combined. The percent recovery m plasma volume was 
significantly (p<0.05) higher in MED (104.6 + 1.2%) and HI (103.6 + 2.0%) compared with 
H2O (96.6 + 1.6%), and was not different in LO (99.6 + 2.3%) con:q)ared with the other trials 
(Figure 1). 
Urine volume, specific gravity, osmolality and electrolytes. Urine volimies measured dur­
ing and at the end of the rehydration period were significantly lower in MED and HI com­
pared with LO and H2O (p<0.05; Table 6). Urine specific gravity and osmolality were signifi­
cantly higher in MED and HI compared with H2O and LO (p<0.05). In addition, urine osmo­
lality was significantly higher in LO than H2O (p<0.05). Urinary sodium concentration was 
significantly higher in LO, MED, and HI compared with H2O; there were no other significant 
differences in urinary sodium concentration with respect to trial (p<0.05). Despite the greater 
urinary sodium concentrations observed after mgesting LO, MED, and HI, subjects retained 
more sodium and were m a greater sodium balance (p<0.05) after ingestion of these beverages 
compared with water, and ingestion of MED and HI compared with H2O and LO (Table 7). 
Similarly, subjects retained more potassium (p<0.05) with mgestion of LO and MED com­
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pared with H2O and HI despite the significantfy higher urinary potasshun concentrations m LO 
and MED conq)ared with H2O and HI. Urinary potassium concentration was also significantly 
higher after ingesting HI con:q)ared to H2O (p<0.05). 
Plasma osmolality. At baseUne, plasma osmolality averaged 277.7 + 0.8 mmol/1 (Figure 2). 
Exposure to heat and prolonged exercise resulted in a mean mcrease in plasma osmolality to 
282.0 + 0.8 mmol/L After mgesting HI, plasma osmolality was significantly higher than H2O 
at 160 minutes of rehydration. Plasma osmolality in MED was significantly higher than H2O 
at 160 and 180 minutes of rehydration (p<0.05). 
Plasma electrolytes. The mean plasma sodium concentration (Figure 3) increased from 
137. 5 + 0.3 mmol/1 to 140.2 + 0.3 nmiol/1 after dehydration. Plasma sodium concentration 
was significantly higher m LO, MED, and HI conq)ared with H2O for the last hour of the re­
hydration period, and higher in MED compared to H2O at minutes 80 and 100 of the rehydra­
tion period (p<0.05). In addition, the plasma sodium concentration m LO was significantly 
lower than HI at minutes 100, 160, and 180 of the rehydration period (p<0.05). The baseline 
plasma potassium concentration of 3.81 + 0.03 mmol/1 increased to 3.96 + 0.03 mmol/1 after 
dehydration. The plasma potassiiun concentration was significantly higher after ingesting LO 
compared to all other beverages Srom 60 to 180 minutes of the rehydration period (Figure 4; 
p < 0.05). In addition, MED was significantly higher than HI at minutes 100-140 of the rehy­
dration period. The plasma calcium concentration mcreased from 2.34 + 0.01 mmol/1 to 2.38 
+ 0.01 mmol/1 with dehydration. Plasma calcium concentrations were significantly higher af­
ter ingesting LO, MED, and HI conqiared with H2O (main effect; p<0.007). 
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Discussion 
The results of this study demonstrate that rehydration after heat and exercise-induced 
dehydration is more effective ^^en ingesting rehydration beverages containing sodium con­
centrations of 109.5 mmol/1 and 154.5 mmol/L To date, these are the highest sodium concen­
trations used in a rehydration beverage and are higher than the upper range for sweat electro­
lyte concentrations (3). Most sports drinks commonly contain 10-25 mmol/1 sodium; oral re­
hydration solutions used for the treatment of diarrhea-induced dehydration have sodiiun con­
centrations of approximately 90 mmol/l (19). 
It has previously been suggested that beverages containing sodiiun concentrations 
higher than 40-60 mmol/1 would not be palatable (23). However, Maughan et al. (1995) ob­
served no differences in drink acceptance and palatability between four drinks containing 2, 
26, 52, and 100 mmol/I sodium. Similarly, no differences in palatability were seen when sub­
jects consumed various volumes of a drink containing 60 mmol/1 sodium (30). In the present 
study, beverage palatability was not assessed, although the LO drink appeared to be the least 
appealing to the subjects. However, the seemingly low appeal of LO had no impact on rehy­
dration as subjects were required to consume a specific volume of fluid during the rehydration 
period. 
After drinking a volume equal to the fluid volume lost during dehydration, percent re­
covery of body weight tended to be higher with MED and HI compared with LO and HjO, 
although the only statistically significant difference was between MED and LO. All beverages 
failed to restore body weight to pre-dehydration levels due to ongoing urine formation and 
weight loss due to respiration, metabolism, and insensible water loss. Similar values for per­
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cent rehydration have been observed by others. For exanq)le, Gonzalez-Alonso et al. (1992) 
reported a 69% rehydration with a drink containing 20 nimol/1 sodium compared with 64% 
with ingestion of water alone. Costill and Sparks (1973) showed greater rehydration with a 
drink containing 20 mmol/1 sodium compared to water, although plasma volume recovery was 
still mcomplete after four hours of rehydration. In the present study, a significantly higher 
percent recovery in plasma volume was observed m MED and HI (104.6% and 103.6%, re­
spectively) compared to HjO (96.6%). As there were no significant differences in body 
weight before exercise, and after dehydration and rehydration between trials, the higher 
plasma volume recovery implies that a large portion of the ingested fluid in MED and HI 
moved to the extracellular space during rehydration (26). 
Interestingly, plasma volimie tended to be lower in LO compared to the other three 
beverages throughout the entire rehydration period. However, the percent recovery in plasma 
volume was higher in LO compared with H2O, and not significantly difierent from MED and 
HI. Previous investigators have suggested that mgesdon of beverages high in potassium con­
centration may delay rates of plasma volume recovery due to restoration of the intracellular 
fluid compartment at the e?q)ense of extracellular fluid (20, 24). Maughan et al. (1994) re­
ported a slower rate of plasma volume recovery in subjects consuming a beverage containing 
25 mmoI/1 KCl compared to beverages containing glucose and sodium. However, no signifi­
cant differences in plasma voliune due to beverage were observed by the end of the 6 hour 
study period, leadmg the authors to suggest that potassium may be just as effective as sodium 
in restoring plasma volume. In the present study, it appears that mgesdng LO is more eflfec-
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tive than H2O in restoring plasma volume, although not as effective as ingesting beverages 
containing higher sodium concentrations. 
Contributing to the lower overall percent rehydration and plasma voliune recovery in 
H2O and LO were the large urine volumes generated due to the low plasma osmolality and 
sodium concentrations observed throughout the 3 hour rehydration period. The osmolality of 
the extracellular fluid is determined primarily by the extracellular sodium concentration as so­
dium is the predominant ion. Since sweat is hypotonic compared to body fluids, an mcrease in 
osmolality and electrolyte concentration is typically seen after exercise and heat-induced de­
hydration. Fluid-regulating hormones, including renin, angiotensin II, aldosterone, and anti­
diuretic hormone are released in response to heat exposure (18), exercise (8, 29), and in­
creases in osmolality (32), promoting the reabsorption of water and active uptake of solutes in 
the kidney. Previous studies have shown that consuming water or dilute electrolyte solutions 
after dehydration resuhs in a drop m plasma osmolality and sodium concentrations, as well as 
renin, angiotensin EL, and aldosterone concentrations (7, 15, 27, 30, 32). Further drops in 
plasma osmolality, sodiiim, and hormone concentrations are seen when subjects ingest very 
large volumes, i.e. 1.5 and 2 times the fluid volume lost during exercise (30). In the present 
study, rehydrating with H2O and LO appeared to dilute the extracellular fluid and may have 
prevented the maintenance of the dehydration-mduced increase m fluid retention hormones. 
Consequently, excess fluid was filtered by the kidneys while solutes were reabsorbed, leading 
to the production of large urine volumes. The excess filtration of fluid and greater solute re-
absoiption by the kidney after ingestion of H2O and LO e?q)lain the significantly lower urinary 
electrolyte concentrations in H2O vs the other beverages, as well as the lower specific gravity 
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and urine osmolality in H2O and LO vs MED and HI. These findings suggest that beverages 
with a high cation content maintain plasma osmolality and sodium concentration, and promote 
conservation of water, but not solutes, by the kidneys. 
The higher urinary potassium concentration observed in LO compared to the other 
three beverages is most likely due to the increase in extracellular potassium concentration 
brought about by dehydration and then maintained by ingesting LO. The higher plasma po-
tassiiun concentration observed in LO throughout the rehydration period may have promoted 
potassium excretion by the kidneys in an attempt to restore extracellular potassium concentra­
tions. It has previously been shown that an mcrease in plasma potassium concentration causes 
a reduction m the tubular reabsorption of sodimn, due to an inhibition of renin (33) and al­
dosterone release (13). This may help explain the significantly higher sodium excretion as 
well as the drop in plasma sodium levels throughout the three hour rehydration period when 
mgesting LO. 
One reason for the lower body weight restoration and plasma volimie recovery ob­
served m H2O and LO may be that a large portion of the ingested fluid remained m the gastro­
intestinal tract. The availability of mgested fluid depends on the gastric emptying rate, pri­
marily determined by fluid volume and conq)osition (6). In the present study volume, osmo­
lality, and temperature were similar for all beverages. Furthermore, it has been shown that the 
addition of electrolytes to rehydration beverages does not alter the rate of gastric emptying 
(28). Therefore, it is unlikely that gastric enq)tying was a significant factor m this investiga­
tion. The second barrier to the availability of ingested fluids is their rate of mtestinal absorp­
tion. Water absorption through the small intestine is significantly enhanced by the active 
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transport of glucose and sodhim, ^^ch occurs through a common protein carrier (11). 
Gisolfi et aL (1990) observed greater glucose, sodium, and potassium absorption from a car­
bohydrate electrolyte sohition conq)ared to distilled water, resulting m greater fluid absorp­
tion. Previous research performed on animals suggests that optimum water absorption occurs 
when intestinal sodium concentration is in the range of90-120 mmol/1 (31), which is similar to 
the sodium concentrations of the MED and HI beverages used in the present study. Thus, 
unless the sodium concentration of the beverage is markedly akered between mgestion and 
arrival at the mtestine, the MED and HI beverages contained a sodium concentration consis­
tent with optimum water absorption (30). It is, therefore, possible that the higher sodium 
concentrations in MED and HI promoted greater fluid absorption in the small intestine than 
H2O or LO, leading to improved overall rehydration. 
Previous studies have shown that fluid replacement beverages containing high electro­
lyte concentrations may cause an increase in plasma osmolality, resulting in a reduction in skin 
blood flow and sweating, thus impairing thermoregulation (12). However, the high electrolyte 
concentrations used in the present study did not appear to affect the subjects' ability to ther-
moregulate effectively as there were no significant mcreases or differences m rectal tempera­
ture throughout the rehydration period. However, fiuther studies should examine the ques­
tion of whether thermoregulation during a subsequent exercise/heat challenge is affected by 
the prior rehydration protocol Most recentiy, greater attention has been paid to sodium as it 
relates to blood pressure; excessive sodhmi mtake has been shown to be a risk factor for hy­
pertension (9). The higher sodium concentrations in MED and HI did not appear to affect 
blood pressure as there were no significant differences in systolic or diastohc blood pressure 
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throughout the rehydration period. It should be noted, however, that the subjects used in this 
study were young with no apparent con:q)romised blood pressure regulation. 
There were no significant differences observed m percent rehydration or plasma vol­
ume recovery after mgestmg MED and HI, suggesting that adding sodium to a rehydration 
beverage in concentrations greater than 109.5 mmol/1 may provide no additional benefit in 
terms of body fluid restoration. In addition, it has previousfy been shown that a high sodium 
intake may result m an increased calcium excretion (34), a finding >\iiich may be particularly 
significant for older populations. Thus it appears that the addition of sodium m moderate 
concentrations is adequate and prudent for restoring body weight and plasma volimie losses 
following dehydration. 
In conclusion, greater fluid retention, resulting in greater body weight restoration and 
plasma volume recovery, was observed when subjects ingested beverages containing higher 
concentrations of sodium The ingestion of a beverage high m potassium concentration was 
more effective than water in restoring plasma voliune, although not as effective as beverages 
contaming higher sodium concentrations. The sodium concentration of the beverages used in 
this study are higher than those used in previous investigations. These high sodium concen­
trations maintained plasma osmolality and sodium concentrations wiiich reduced mine output, 
while having no deleterious effects on blood pressure and thermoregulation. Thus it appears 
that increasing the sodium concentration of rehydration beverages commonly used by athletes 
may be warranted. 
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Table 1. Subject characteristics 
Age (yr) Height (cm) Weight (kg) BMI (kg/m*) 
Males 26 ±1 176.0 ±3.1* 78.0 ±4.1* 25.1 ±0.7 
Females 26 ± 1 166.5 ± 1.7 61.9 ±2.6 22.3 ±0.9 
All 26 ±1 171.8 ±2.2 70.8 ±3.2 23.8 ±0.7 
Data are means ± SE for 10 male and 8 female subjects. 
* males significantly greater than females; p<0.05. 
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Table 2. Beverage characteristics 
H2O LO MED HI 
Osmolality (mmol/l) 24.5 267.5 306.5 345.5 
[Na^ (mmol/l) 0.0 31.5 109.5 159.5 
PO (mmol/l) 0.0 75.8 25.3 7.5 
[Ca^l (mmol/l) 0.0 0.9 2.0 2.5 
Table 3. Diet compositiou the day prior to each trial 
Nutrient H2O LO MED HI 
Energyiutake 1,1369+ 1,406 1,1454 + 2,013 1,1251 +2,100 1,0762±2,029 
(kJ/d)± 
Sodium (mg/d) 4,315 ±828 4,132 ±627 3,633 ±881 3,932 ±833 
Potassium 3,544 ±647 3,609 ± 803 3,550 ±739 3,262 ±712 
(mg/d) 
Calcium (mg/d) 956 ± 130 1,140 ± 136 1,027 ± 189 1,008 ±135 
% energy as 17 ±3 16 ±1 17 ±2 17 ±2 
protein 
% energy as fat 22 ±4 22 ±3 23 ±4 22 ±4 
%energyas 60±6 62±4 58±5 59±5 
carbohydrate 
Data are means + SE for 10 male and 8 female subjects. Tliere were no significant 
dififerences in diet composition due to trial (p>0.05). 
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Table 4. Mean body weight before and after dehydration, and after the rehydration 
period 
Body weight (kg) H2O LO MED HI 
Baselme 71.0 ±3.21 70.9 + 3.17 70.6 ±3.24 70.6 ±3.15 
Dehydrated 69.0 ±3.07 69.0 ±3.08 68.8 ±3.17 68.7 ±3.06 
Rehydrated 70.4 ±3.17 70.2 ±3.16 70.1 ±3.24 70.1 ±3.16 
Data are means ± SE for 10 male and 8 female subjects. "ITiere were no significant 
differences in body weight due to trial (p>0.05). 
Table 5. Mean systolic and diastolic blood pressure during rehydration 
Systolic blood pressure Diastolic blood pressure 
Time (min) H2O LO MED HI H2O LO MED HI 
0 11213 no± 2  108±2 112±2 76 ±3 76 ±2 72 ±2 74 ±2 
60 110±2 110±2 108 + 2 110±2 74 ±2 74 ±2 76 ±2 74 ±2 
120 108 ±2 110±2 n o ± 3  114±2 74 ±2 74 ±2 74 ±2 74 ±2 
180 114 ±3 110±2 114±3 114 ±2 75 ±3 72 ±2 70 ±2 72 ±2 
Data are means ± SE for 10 male and 8 female subjects. Tliere were no significant differences in systolic 
or diastolic blood pressure due to trial (p>0.05). 
Table 6. Urinary measurements taken during rehydration 
H2O LO MED HI 
Volume(ml) 351 ±57"^ 379 ±29'='* 229 ±18 195 ±21 
Specific gravity 1.018±0.002 1.021 +0.001 1.025 ±0.001"'' 1.025 ±.00r'' 
Osmolality (mmol/1) 486.8 ±61.7 639.7 ±27.6" 794.7 ± 33.5"*' 807.3 ± 25.6"'' 
[Na^] (mmol/1) 53.719.5'"='* 121.8 ±6.9 122.3 ±7.5 132.2 ±7.6 
[K^](mmol/l) 64.0 ±8.6 128.2±5.4"'* 127.6 ±6.5"'* 103.9±5.6" 
Values are means + SE, N = 18;" significantly different than H2O; significantly different than LO; 
significantly different than MED; ** significantly different than HI (p<0.05). 
KJ% 4^ 
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Table 7. Intake and total urinary output of sodhun and potassium 
H2O LO MED HI 
Sodiumintake 0.0* 64.0 ±4.8* 220.8 ± 15.0* 320.4 ±22.1* 
(mmol) 
Potassium intake 0.0 154.1 ±11.6® 51.0 ±3.5" 15.1 ±1.0 
(mmol) 
Sodium output 13.1 ±2.3*' 42.9 ±4.4'' 29.1 ±3.2 25.1 ±3.2 
(mmol) 
Potassium output 17.2 ±2.4 45.4 ±4.5® 29.0 ±2.5"= 18.3 ± 1.7 
(mmol) 
Values are means ± SE for 18 subjects. * significantly different fi"om each other; 
® significantly higher m LO compared with H2O, MED, and HI;significantly lower in H2O 
compared with MED, HI;' significantly higher in MED compared with H2O and HI 
(p<0.05). 
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110 
H2O LO MED HI 
Figure 1. Percent recovery in plasma 
volume during three hours of rehydration. 
Data are means ± SE; * MED, HI significantly 
higher than H2O (N=I8). 
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Figure 2. Plasma osmolality during three hours 
of rehydration. Data are means ± SE for N=18. 
Plasma osmolality is significandy higher in MED 
at 160 and 180 minutes and HI at 160 minutes compared 
with H2O (p < 0.05). 
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Figure 3. Plasma [Na"] during three hours of 
rehydration. Data are means ± SE for N=18. 
Plasma [Na^] in H2O is significantly lower 
than MED at 80,100 minutes (a), and LO, 
MED, HI at 120-180 minutes (*). Plasma 
[Na"^] in LO is significantly lower than HI 
at 100, 160, and 180 minutes (b) (p<0.05). 
59 
5.4 
5.2 
5.0 
4.8 
4.6 
4.4 
42 
4.0 
3.8 
3.6 
3.4 
^ H2O 
LO 
- MED 
HI 
I  I  I  I  I  
Pre 0 20 40 60 80 100120 140 160180 
Time (minutes) 
Figure 4. Plasma [K^] during three hours of 
rehydration. Data are means + SE for N=18. 
Plasma [K"] concentration is significantly 
higher in LO than H2O, MED, HI at 60-180 
minutes (*) and higher in MED than HI at 100-140 
minutes (a) (p < 0.05). 
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THE EFFECT OF SODIUM IN A REHYDRATION BEVERAGE WHEN 
CONSUMED AS A FLUID OR MEAL 
A paper to be submitted to the Joumal of Applied Physiology 
Melinda L. Ray, Mark W. Bryan, Timothy M. Ruden, Shawn M. Baier, Rick L. Sharp, and 
Douglas S. King 
Abstract 
To investigate the impact of fluid coD:q)osition on rehydration effectiveness, 30 sub­
jects (15 male, 15 female) were studied during a 2 h rehydration period following a 2.5% body 
weight loss attained via exercise and heat (65°C) e;q)osure. In a randomized cross-over de­
sign, subjects rehydrated with water (H2O), chicken broth (CB: Na=109.5; K=25.3 mmol/1), a 
carbohydrate-electrolyte drink (CE; Na=16.0; K=3.3 mmoI/1), and chicken noodle soup 
(SOUP: Na=333.8; K=I3.7 mmol/1). Subjects were given 175 ml (6 oz) of the respective 
beverage at the start of the rehydration period and 20 min later; water was given every 20 min 
for the remaining 100 min for a total volume equal to body weight loss during dehydration. 
There were no significant differences in percent recovery of body weight during rehydration 
(H2O: 75.9 ± 3.2%; CB; 76.0 ± 1.8%; CE: 74.9 ± 2.9%; SOUP; 78.2 ± 2.9%). While none of 
the beverages resulted in complete plasma volume restoration, the percent recovery in plasma 
volume was significantly greater in SOUP (98.6 + 0.8%) and CE (98.4 + 1.1%) con:q)ared 
with H2O (94.4 + 1.1%) (p<0.05). Plasma osmolality was significantly higher in CB and CE 
compared with H2O (significant main eflfect; p<0.05). Urine volume was significantly greater 
in CE (310 + 30 ml) compared with CB (188 + 20 ml) (p<0.05). Urine osmolality was sig­
nificantly higher in CB and SOUP compared with CE (p<0.05). Urinary sodium concentra-
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dons were significantly greater in CB and SOUP compared with CE and H2O (p<0.05). Uri­
nary potassium concentration was significantly higher in CB conq)ared with the other bever­
ages (p<0.05). There were no significant differences in blood pressure or rectal temperature 
measured during the rehydration period among the different rehydration beverages. These 
results provide evidence that the inclusion of sodium in rehydration beverages as well as con­
suming a sodium-containing liquid meal increases fluid retention and improves plasma volume 
restoration. 
Introduction 
Adolph and Dill (1938) observed individuals adapting to desert conditions mgested 
water to a greater extent immediately after exercise and during mealtime than at any other 
time of day. However, fluid ingestion still lagged behind fluid loss during exercise and heat-
induced dehydration; in fact, subjects typically ingested fluids until roughly half of their fluid 
loss had been restored. Failure to adequately replace body fluid losses by ad libitum ingestion, 
referred to as involuntary dehydration, has since been observed by others (1, 24). Subsequent 
research has attempted to determme the factors that enhance both fluid mtake by the athlete 
and its absorption and subsequent restoration of body weight and plasma volume. 
Evidence fi^om the few studies that have exammed post-exercise rehydration support 
the addition of electrolytes, particularly sodiiun, to a rehydration beverage for promotion of 
body water restoration (7, 16, 17, 29). Sodium is the major extracellular ion; thus nicludmg 
sodium in a rehydration beverage influences the restoration of the extracellular (and conse­
quently plasma volume) fluid space. Costill and Sparks (1973) observed a greater plasma vol-
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iimf' recovery ia subjects consuming a carbohydrate-electrolyte beverage (22 mmol/1 sodiiun) 
conq}ared to water after 4% dehydration. However, neither beverage completely restored 
plasma vohmie to pre-dehydration levels after 4 hours of rehydration. Body water restoration 
may be accelerated when subjects consume beverages containing higher sodium concentra­
tions. For exanq)le, Maughan et aL (1995) observed a positive net fluid balance when subjects 
consumed beverages containing 52 and 100 nunol/l sodium 5.5 hoiu's after a 30 minute rehy­
dration period. In contrast, solutions containing less sodium (< 26 mmol/1) resulted in a nega­
tive fluid balance. Recently, we observed a greater percent recovery of plasma volume when 
subjects consumed beverages containing 109.5 tnmol/l and 154.5 mmol/l sodium compared to 
either water or a beverage containing 31.5 mmol/1 sodium (26). 
Previous research mdicates that food consumption stimulates fluid intake both at rest 
and during exercise (2, 10, 32). The beverage volume consumed during meals was signifi­
cantly greater than the beverage voliune consumed between meals in resting men: 68% of the 
total daily fluid intake was consumed at mealtimes (10). Subjects provided with water ad libi­
tum while walking 14.4 km for 6 hours in desert conditions mcreased their water intake by 50-
200% dtiring a 30 minute period in which food was available (32). 
Few studies have examined the effectiveness of consuming food and fluid simultane­
ously on body water restoration following exercise. In one study, subjects were able to restore 
body weight losses of 4-7% after a five hour rehydration period in which subjects ingested a 
5% carbohydrate-electrolyte beverage along with a meal in a volume equal to the volume of 
fluid lost during exercise (30). Maughan et al. (1996) reported a more positive net fluid bal­
ance six hours after subjects consumed a meal and water after exercise and thermal-induced 
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dehydration compared to subjects receiving a carbohydrate-electrolyte beverage alone. Lower 
cumulative urine volumes were observed with mgestion of the meal, leading to a greater re­
tention of the mgested fluid. 
Based on these studies, it is clear that inchision of sodium in high concentrations in a 
rehydration beverage is essential m promoting body fluid restoration following heat and exer-
cise-induced dehydration. In addition, the limited data available on post-exercise rehydration 
with a meal indicate that food consumption may significantly enhance body weight and fluid 
balance restoration. Solid food is not always available or appeahng to the athlete following 
exercise; consuming a high sodium beverage and meal snnultaneously in the form of soup 
would provide the athlete with both fluid and electrolytes while minimizing gastric fullness and 
hunger. As it is not often practical for athletes to fi'equently consume large voliimes of fluid 
following exercise, we sought to determine if consuming a small volume of fluid at the onset 
of rehydration followed by water promoted effective body water restoration. Therefore, the 
purpose of this investigation was to examine the effectiveness of rehydration with four diflfer-
ent beverages: water, a commonly used carbohydrate-electrolyte beverage, and chicken broth 
and chicken noodle soup containing high concentrations of sodium. 
Methods 
Subjects. Thirty subjects (15 male, 15 female) were recruited to participate as subjects m this 
study. These subjects were physically active college age subjects \^iio typically exercised 
three to four days per week. Informed consent was obtained from the subjects in accordance 
with the guidelines established by the Human Subjects Review Board of Iowa State Univer­
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sity. Laboratory measurements were made on four randomly assigned days, separated by at 
least one week. Physical characteristics of the subjects are presented m Table 1. 
Dehydration. On each of four visits to the laboratory, subjects underwent a combination of 
thermal and exercise-induced dehydration, followed by a two-hour rehydration period with 
one of four different beverages in a randomized cross-over design. Subjects reported to the 
laboratory at 7:00 am following an overnight fest and at least 16 hours after exercise. Sub­
jects voided and a body weight was obtamed. A resting blood sample (5 ml) was obtained by 
venipuncture without stasis for the determination of hemoglobin, hematocrit, osmolality, and 
plasma sodium and potassium concentrations. A probe was inserted to a depth of 8 cm be­
yond the anal sphincter for the measurement of rectal body temperature. Subjects then un­
derwent 20 tninutes of light exercise on a cycle ergometer (50-100 watts) at 20°C, followed 
by 10 minutes of sauna exposure at 65°C. Subjects repeated the altematmg periods of exer­
cise and sauna exposure imtil 2-3% of the mitial body weight was lost. During the dehydra­
tion period, which lasted 90-120 minutes, rectal temperature and heart rate were monitored 
every 30 minutes. All urine was collected and pooled for the determmation of total urine vol­
ume, specific gravity, osmolaUty, and sodium and potassium concentrations. 
Rehydration. After the dehydration period subjects underwent a 30 minute transition period 
to allow the body fluid compartments to stabilize (23). During this time, subjects changed 
into dry clothes and a teflon catheter was mserted into a forearm vein. The catheter was kept 
patent with inftision of 1-3 ml of 0.9% sodium chloride every 20 minutes during the rehydra­
tion period. Following the 30 minute transition period, subjects began a two-hour rehydration 
period in a thermoneutral environment (20°C). Subjects were in a seated position throughout 
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the rehydration period. On each day, subjects rehydrated with either water (H2O), chicken 
broth (CB), a carbohydrate-electrolyte beverage (CE), or chicken noodle soup (SOUP) (Table 
2). The water was kept at a tenqjerature of 22°C and CE was kept at a temperature of 4°C. 
Both CB and SOUP were heated to a temperature of 120°F prior to ingestion. Subjeas in­
gested 175 ml (6 oz) of the respective beverage at the beginning of the rehydration period, 
and 175 ml 20 minutes later. For the remainder of the rehydration period, subjects ingested an 
equal volume of water every twenty minutes. The total volume mgested by each subject 
throughout the two-hour rehydration period was equal to the volume of water lost during de­
hydration. The total amount of sodium mgested was 40.7 mmol (CB), 6.4 mmol (CE), and 
118.4 mmol (SOUP). The total amoxmt of potassium ingested was 9.47 mmol (CB), 1.27 
mmol (CE), and 4.86 mmol (SOUP). Total carbohydrate ingested was 0.28 g (CB), 22.96 g 
(CE). and 33.0 g (SOUP). The chicken noodle soup contained the highest sodium and total 
carbohydrate concentration compared with the other beverages. The chicken broth also con­
tained a significant soditim concentration, and had the highest potassium concentration com­
pared with the other beverages. Both CB and SOUP were isotonic, whereas CE was hyper­
tonic containing a high total carbohydrate content and the lowest electrolyte concentrations 
compared with the other beverages. Blood samples, blood pressure, rectal temperature, and 
body weight were obtained at the beginning of the rehydration period and every 20 minutes 
thereafter. Blood samples were taken after the fluid m the dead space of the catheter was dis­
carded, and were then immediately transferred into tubes containing lithium heparin for later 
analysis. Upon completion of the rehydration period, subjects voided and a final body weight 
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was obtained. Urine was collected and measured for total volume, specific gravity, osmo­
lality, and sodium and potassium concentrations. 
Percent rehydration. The percent of body weight lost during dehydration that was regained 
during rehydration was used as an index of whole body rehydration (12). The percent rehy­
dration represented the amount of ingested flixid that was retained afler the rehydration period. 
Percent rehydration was determined using body weight and was calculated as: 
Percent rehydration = (BWDH - (BWPRE - BWRHVkg)] x 100 
Fluid intake (kg) 
where: BWPRE = initial body weight 
BWDH = body weight lost diuing exercise 
BWRH = body weight after rehydration 
Biochemical analysis. Hemoglobin concentration was determined in triplicate using the cy-
anmethemoglobin technique and hematocrit was determined m triplicate after microcentrifii-
gation. Hematocrit measurements were corrected for plasma trapped within the packed red 
cells (0.96) and also for venous to total body hematocrit ratio (0.91) (4). Percent changes in 
plasma volume from pre-exercise values were calculated using hematocrit and hemoglobin 
concentrations according to DiU and Costill (1974): 
BVA = BVB(HbB/HbA) ABV, % = 100(BVA - BVB)/BVB 
CVA = BVA(HctA) ACV, % = 100(CVA - CVB)CVB 
PVA = BVA - CVA APV, % = 100(PVA - PVB)/PVB 
where: BV = blood volume Hb = hemoglobin concentration 
CV = red cell volume Hct = hematocrit 
PV = plasma volume B, A = before and after dehydration 
BVa = 100 
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All plasma vohune changes were calculated with reference to the pre-dehydration values ob­
tained for the water trial Blood samples were then centriiuged, and the plasma separated and 
stored at -20°C for later analysis of plasma electrolytes and osmolality. Plasma and urine os­
molality were determined in duplicate using a Vapor Pressure Osmometer (model 5520, Wes-
cor Inc., Logan, Utah). Plasma and urine electrolytes were measured in duplicate using a 
digital flame analyzer (model 2655-00, Cole-Parmer, Chicago, Illinois). 
Dietary and exercise controL Subjects maintained a dietary record for three days prior to 
the initial trial. Subjects were required to dupUcate this diet for three days prior to each of the 
last three trials. In addition, subjects were instructed to drink one extra liter of water the day 
before all four trials to ensure euhydration. Diet conqiosition was analyzed for the day prior 
to each trial using a computer program (FoodComp, ISU). There were no significant differ­
ences in diet composition due to trial (Table 3). Subjects also recorded all physical activity 
performed for three days prior to the initial trial, and reproduced this activity pattern for the 
three days prior to the following trials. 
Statistics. Results in the text, tables, and figures are expressed as means + SE. The blood 
measurements, blood pressure, and rectal temperature during rehydration were subjected to an 
initial two-way repeated measures analyses of variance; this was followed by Newman-Keuls 
post hoc tests where appropriate. All other data were analyzed using one-way analysis of 
variance. Differences among treatments were accepted as being significant when a p value of 
less than 0.05 was obtained. 
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Results 
The mean weight loss due to combined exercise and saima ejqposure was 1.82 + 0.06 
kg, corresponding to a percent body weight loss of 2.5 + 0.1%. There were no significant 
differences in body weight prior to and after exercise and after rehydration, or percent change 
in body weight after dehydration with respect to trial. During the rehydration period, the 
subjects drank an average of 370 + 13 ml of water every 20 minutes from 40-120 mmutes of 
the rehydration period for a total volume of 1,836 ± 53 ml; there were no significant differ­
ences in drink volume with respect to triaL Due to the significantly greater body weight in 
males compared with females, there was a greater (p<0.05) percent weight loss (2.6 + 0.1% 
vs 2.4 + 0.1%) and total drink voliune (2,185 + 68 ml vs 1,487 + 50 ml) in the males com­
pared with the females. There were no significant differences m percent recovery in body 
weight and plasma volume, or in any of the urinary measurements between males and females. 
Therefore, the data for males and females were combined. 
Percent rehydration. At the end of the two hour rehydration period, the subjeas were still 
somewhat hypohydrated under all conditions studied (Table 4). Fluid lost during the rehydra­
tion period in urine, sweat, and respiration, as well as the body weight lost due to metabolism 
contributed to the incomplete rehydration. There were no significant differences m the per­
cent of body weight loss that was regained at the end of the two hour period (percent rehy­
dration) (H2O: 75.9 ± 3.2%; CB: 76.0 ± 1.8%; CE: 74.9 ± 2.9%; SOUP; 78.2 ± 2.9%). 
There were no significant differences in rectal temperature due to trial during the rehy­
dration period. In addition, there were no significant differences in systolic or diastolic blood 
pressure during the rehydration period between trials (Table 5). 
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Plasma volume. Following combined intermittent exercise and samia e^qjosm-e, plasma vol-
nmc! decreased by 7.0 + 0.7% for all trials combined. There were no significant differences in 
plasma volume due to trial Although the mean percent recovery in plasma volume was sig­
nificantly higher m CB and SOUP compared to H2O (p = 0.007) none of the beverages re­
sulted in complete plasma volume restoration (Figure 1; H2O: 94.4 + 1.1%; CB: 98.4 + 1.1%; 
CE: 95.8 ± 1.0%; SOUP: 98.6 ± 0.8%). 
Urine volume, specific gravity, osmolality, and electrolytes. Urine volmne measured dur­
ing and at the end of the rehydration period was significantly greater m CE compared with CB 
(Table 6; p = 0.02). There were no significant differences m urine specific gravity with re­
spect to trial Urine osmolality was significantly higher in CB and SOUP compared with CE 
(p = .01). Urinary sodium concentration was significantly higher m CB and SOUP compared 
with CE and H2O (p = .0004). Despite the greater urinary sodium concentrations with CB 
and SOUP, more sodium was retained with mgestion of these beverages conq)ared with CE 
and H2O (Table 7; p<0.05). In feet, urinary sodiimi output exceeded sodium intake in both 
CE and H2O. Urinary potassium concentration was significantiy higher in CB compared with 
the other three beverages (p = 0.007). 
Plasma Osmolality. Prior to dehydration, plasma osmolality averaged 274.9 + 0.6 mmoVl 
(Figure 2). Exposure to heat and prolonged exercise resulted m a mean increase in plasma 
osmolality to 281.6 + 0.6 mmol/L Plasma osmolality in CB and CE was significantiy greater 
than H2O (significant main effect; p = 0.04). 
Plasma electrolytes. The mean plasma sodium concentration (Figure 3) increased from 137.0 
+ 0.2 nmiol/1 to 140.3 + 0.2 mmoI/1 after dehydration. There were no significant differences m 
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plasma sodium concentration due to trial The plasma potassium concentration increased 
from 3.92 ± 0.04 mmol/1 to 4.01 ± 0.03 mmol/1 after dehydration. The plasma potasshim con­
centration in SOUP was significantly lower than CB at 20-120 minutes, H2O at 40-80 and 120 
minutes, and CE at 40 minutes (p<0.05). In addition, the plasma potasshun concentration was 
higher in CB compared with CE at 60 and 80 minutes of rehydration. 
Discussion 
Consuming chicken broth or chicken noodle soup following heat and exercise-induced 
dehydration resulted in a significant recovery in plasma volume and reduced urine volumes 
compared to water. In contrast, ingestion of a commonly used carbohydrate-electrolyte bev­
erage did not restore plasma volmne more effectively than mgestion of water, and resulted in a 
greater urine production compared to the other beverages. These results are mteresting since 
subjects ingested only 350 ml (12 ounces) of each beverage diuing the first 20 minutes of the 
rehydration period. 
Previous studies have shown that the extent to which body fluid balance is restored 
varies with the composition of a rehydration beverage. Both CB and SOUP contain greater 
electrolyte concentrations (109.5 mmol/1 sodium, 25.3 mmol/1 potassium and 333.8 mmol/1 
sodium, 13.7 mmol/1 potassium, respectively), than many sports drinks used for rehydration 
following exercise, including the CE beverage used in this study (16 mmol/1 sodium, 3.3 
mmol/1 potassium). The chicken noodle soup contained the highest carbohydrate concentra­
tion, followed by CE and CB, whereas CE was the most concentrated beverage; CB and 
SOUP were relatively isotonic. Consequently, analysis of the effect that consuming these 
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beverages has on rehydration is somev^diat complex due to the variation in electrolyte and car­
bohydrate concentration, as well as osmolality, among these beverages. 
The addition of sodium to a rehydration beverage significantfy mcreases fluid retention 
m the extracellular space, leading to a greater plasma vohune restoration than is observed after 
mgestion of water and dilute electrolyte solutions (7, 12, 24, 26). The higher sodium concen­
tration in CB and SOUP was associated with a significantiy higher plasma volume recovery 
and lower urine volumes compared with ingestion of H2O; this finding has been observed by 
others. Nose et aL (1988b) reported faster plasma volume restoration and lower urine vol­
umes m subjects consuming water and capsules containing sodium (77 mmol/1) compared with 
water alone. Recentiy, we observed significantiy higher recovery of plasma volume and lower 
urine volumes when mgesting beverages containing 109.5 tnmol/l sodium and 159.5 mmoi/1 
sodiiun compared with water and a beverage containing 31.5 mmol/1 sodhmi (26). In the pre­
sent study, consuming CE resulted in a similar plasma volume recovery and larger urine vol­
ume compared with ingestion of H2O. These findings do not agree with previous studies 
demonstrating greater plasma volume recovery and reduced urine volumes with ingestion of 
beverages similar in composition to CE compared with water (7, 12). The reason for the dif­
ferences between these studies and the present study is unclear, particularly given the similar­
ity in methodology used in these studies. However, the relatively large number of subjects 
used in the present study reduces the possibility that the high urine volumes observed in CE 
can be attributed to e?q)erimental error. 
The production of larger volumes of dilute urine produced in CE cotr^ared with H2O 
is puzzling m Ught of the higher plasma osmolality in CE. One possibility is that the tempera­
72 
ture at wdiich CE was administered (4°C) influenced the rate at which fluid emptied from the 
stomach, as some have reported that colder beverages enq)ty faster than wanner beverages 
(6). In contrast, others have observed no effect of beverage tenq)erature on gastric emptying 
(19) or a slowing of gastric emptying with cold drinks (31). Therefore, it is unlikely that the 
temperature of CE affected gastric emptying. An additional possibility may be a direct effect 
of beverage temperature on arginine vasopressin secretion. Plasma argniine vasopressin con­
centrations have been reported to be reduced in dehydrated men eating ice chips, despite no 
change in plasma osmolality and sodium concentrations (28). Thus there may be cold-sensitive 
oropharyngeal receptors that inhibit arginine vasopressin secretion. An inhibition of vaso­
pressin may accoimt in part for the greater urine volume observed m CE compared to water, 
although fiuther investigation is needed to clarify the effects of beverage temperature on gas­
tric emptying and urine production. 
The high sodium mtake in CB and SOUP may have stimulated fluid control mecha­
nisms which reduced urine output and thereby increased plasma voliune. Fluid-regulating 
hormones, including renin, angiotensin II, aldosterone, and arginine vasopressin are all re­
leased in response to heat exposure (14), exercise (5, 27), and increases in plasma osmolality 
(33), promoting the absorption of water and active uptake of solutes by the kidney. Previous 
studies have shown that rehydratmg with water or a dilute electrolyte solution results in a 
drop in plasma osmolality and plasma sodium concentrations, as well as renin, angiotensin II, 
and aldosterone concentrations (7, 12, 25, 29, 33). In the present study, plasma osmolality 
was lower in HjO compared with CB and CE. The lower plasma osmolality in H2O may have 
prevented the maintenance of the fluid-regulating hormones, leading to excess fluid filtration 
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and renal solute reabsorption. A reduction in the concentration of fluid regulating hormones 
would explain the higher urhie vohmies in H2O coi]:q)ared with CB, and lower urine osmolality-
and electrolyte concentrations in H2O compared with CB and SOUP. 
The significantly higher plasma potassium concentration in CB is likely due to the in­
crease m extracellular potassium concentration brought about by dehydration and maintained 
by ingesting CB, the beverage containing the highest potassium concentration. The urinary 
potassium concentration was significantly higher in CB compared with the other beverages. 
Nielsen et al. (1986) observed similar elevations in plasma potassium concentration and uri­
nary potassiimi excretion afier consuming a beverage containing high concentrations of po­
tassium compared with beverages containing glucose and sodiiun. Thus, the higher plasma 
potassium concentration may have promoted potassium excretion by the kidneys in the at­
tempt to restore extracellular potassium concentrations. 
The explanation for the elevated plasma potassmm concentrations throughout the re­
hydration period in all beverages is unclear, particularly since subjects only ingested 350 ml of 
each beverage at the beginning of the rehydration period. Others have shown no significant 
differences in plasma potassium concentrations alter ingesting a meal or beverages containing 
varying concentrations of potassium (17, 18). The significantly lower plasma potassium con­
centrations observed m SOUP compared to the other beverages is also somewhat surprising 
given the greater amount of potassium present m SOUP compared to CE and H2O. However, 
a significant portion of the potassium in SOUP is likely contained within the chicken pieces; 
thus, the time required for digestion and absorption may have resulted m the lower plasma 
potassium concentrations. 
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Previous investigators have suggested that mgestion of beverages high in potassium 
concentration may delay rates of plasma volume recovery due to restoration of the intracellu­
lar fluid conq)artinent at the e?q)ense of extracellular fluid (21, 22). However, Maughan et al. 
(1994) observed no differences in plasma volume recovery six hours after rehydration with 
four beverages containing glucose, sodium, potassium, and a combination of glucose, sodium, 
and potassiimL Recently, we observed a lower plasma volimie recovery after ingesting a low 
sodiiun beverage containing high concentrations of potassium (75.8 mmol/1) conq)ared with 
beverages containing lower potassium and higher sodium concentrations (26). In the present 
study, consuming CB resulted in a significantly greater plasma volume recovery compared 
with water, despite containing the highest potassium concentration (25.3 mmoI/1). However, 
the potassium concentration in CB is not as high as the high potassium beverage used in the 
previous study. Taken together, these studies suggest that consuming high concentrations of 
potassium may not nnpair rehydration provided the sodium concentration of the beverage is 
adequate. 
The few studies that have examined the effects of food ingestion on post-exercise re­
hydration report a greater restoration of body weight and plasma volume when consuming a 
meal and beverage compared with a beverage alone (18, 30), presumably due to the greater 
intake of electrolytes as well as protein and carbohydrate with the meaL One might expect that 
consuming SOUP, which contained higher concentrations of sodium, protem, and carbohy­
drate compared with the other beverages, would result in a lower urine volume and greater 
body weight restoration than was observed due to the impact that each of these nutrients has 
on fluid absorption. It is clearly established that sodium enhances intestinal water absorption 
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and promotes greater fluid retention in the extracelhilar ^ace (11, 24). In addition, specific 
amino acids such as gfycine and alanine also promote net fluid absorption by the small intes­
tine (13). Finally, the addition of glucose to a rehydration beverage has been shown to stimu­
late both sodium and water absorption m the small intestine (II). 
Whether the enhanced fluid absorption in the small intestine observed with protein and 
carbohydrate resuhs in an inq)roved wiiole body water restoration remains unclear. The con­
sumption of CE, \\diich contained a high carbohydrate concentration, did not result in a sig­
nificant plasma volume recovery, wiiereas similar plasma volimie recovery was observed with 
SOUP, which contained significant carbohydrate, and CB, which contained minimal carbohy­
drate. It is possible that the lack of body water restoration is related to the high osmolality of 
CE relative to the other beverages. It has previously been shown that fluids with high osmotic 
concentrations slow gastric emptying (3, 8). On the other hand, others have found that rela­
tively hypertonic carbohydrate-electrolyte solutions do not impair rehydration compared with 
water (7, 15). Based on these studies, it is difficult to conclude whether the high osmolality, 
or a combination of the high osmolality and low electrolyte concentration, of CE impaired re­
hydration. It does appear, however, that greater attention should be paid to sodium as op­
posed to carbohydrate when formulating a beverage to be used for rehydration purposes. In 
this study, consuming isotonic beverages containmg high sodium concentrations and high or 
low carbohydrate concentrations was more effective m restoring body water losses than con-
simiing water or a relatively hypertonic beverage high in carbohydrate and low in sodiiun con­
centration. 
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In conclusion, greater plasma volume recovery and lower urine volumes were ob­
served in subjects ingesting chicken broth and chicken noodle soup containing high concen­
trations of sodium compared to water and a carbohydrate-electrolyte solution. These differ­
ences were seen despite the ingestion of only 350 ml of each beverage at the onset of rehydra­
tion. Thus, the composition of a fluid consumed immediately following heat and exercise-
induced dehydration has an important impact on body fluid restoration, and should be consid­
ered if rapid rehydration is a goal While consuming a meal such as soup has the advantage of 
providing both fluid and electrolytes \\Me minimizing hunger commonly experienced after 
exercise, additional research is needed in order to formulate a rehydration beverage containing 
the optimal combination of electrolytes, carbohydrates, and possibly protein to maximize body 
water restoration. 
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Table 1. Subject characteristics 
Age (yr) Weight (kg) Height (cm) BMI (kg/m^) 
Males 25 ±1 82.8 ±3.2* 179.9 ±2.3* 25.5 ±0.6 
Females 23 ± 1 61.1 ±1.3 160.6 ±2.0 23.8 ±0.7 
All 24 ±1 72.0 ±2.7 170.2 ±2.3 24.7 ±0.5 
Data are means ± SE for 15 male and 15 female subjects. 
*males significantly greater than females, p<0.05). 
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Table 2. Beverage characteristics 
H2O CB CE SOUP 
Osmolality (mOsm/1) 24.5 306.5 359.3 270.5 
[Na^ (mrnol/I) 0.0 109.5 16.0 333.8 
(mmol/1) 0.0 25.3 3.3 13.7 
[Ca^^ (mmol/1) 0.0 1.8 3.7 5.7 
Total CHO (g/1) 0.0 0.8 64.7 93.0 
Table 3. Diet composition the day prior to each trial 
H2O CB CE SOUP 
Energy intake 
(kJ/d) 
1,2620 ± 1,365 1,1549 ± 1,798 1,4065 12,992 1,411411,689 
Sodium (mg/d) 5,587 ±971 4,952 + 1215 6,5881 1878 5,760 1 1240 
Potassium 
(mg/d) 
4,012 + 416 3,241 +482 3,737 1 552 3,571 1403 
Calcium (mg/d) 1,400 ± 192 1,1881287 1,4371352 1,241 1266 
% energy as 
protein 
17± 1 16±2 1712 1612 
% energy as fat 22 ±2 23 ±3 23 13 23 12 
% energy as 
carbohydrate 
61 ±3 61 ±4 58 ±5 60 ±4 
Values are means + SE for thirty subjects; there were no significant differences in diet composition 
due to trial (p>0.05). 
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Table 4. Body weight before and after dehydration, and after the rehydration period 
Body Weight (kg) HjO CB CE SOUP 
Baseline 72.0 ±2.7 72.3 ± 2.7 72.0 ±2.7 72.2 ±2.7 
Dehydrated 70.2 ± 2.6 70.3 ±2.6 70.2 ±2.6 70.5 ±2.6 
Rehydrated 71.6 ±2.7 71.8 ±2.7 71.6 ±2.7 71.8 ±2.7 
Data are means + SE for 15 male and 15 female subjects. There were no significant differ­
ences in body weight due to trial (p>0.05). 
Table 5. Systolic and diastolic blood pressure during rehydration 
Systolic blood pressure Diastolic blood pressure 
Time(min) H2O SOUP CB CE H2O SOUP CB CE 
0 104 ±2 110±1 106 ±2 110 ±2 72 ± 1 74 ±2 74 ± 1 76 ±2 
60 104 ±3 104 ±1 104 ±2 102 ±2 70 ± 1 70 ± 1 72 ± 1 74 ± 1 S 
120 104 ±2 104 ±2 104 ±2 108 ±2 74 ±2 72 ± 1 74 ± 1 74 ±2 
Data are means ± SE for thirty subjects. Tliere were no significant differences in systolic or diastolic blood 
pressure due to trial (p>0.05). 
Table 6. Urinary measurements taken during rehydration 
H2O CB CE SOUP 
Volume(ml) 232.3131.2 188.2 1 19.6 309.9130.2" 231.3 128.6 
Specific gravity 1.01610.001 1.026 10.004 1.02010.005 1.019 10.001 
Osmolality (mOsm/1) 491.2148.9 609.7 139.4'' 401.8151.0 567.6 151.2*' 
[Na^] (mmol/1) 60.9 16.6 87.2 16.7' 48.0 17.0 90.2 1 10.7' 
[K^](mmol/l) 65.4 16.7 88.9 16.3'' 51.4 16.0 68.0 16.2 
Values are means 1SE for thirty subjects. " significantly higher than CB (p<0.05);'' significantly 
higlier than CE (p<0.05) ® significantly higher than CE, H2O (p<0.05); ^ significantly higher than 
H2O, SOUP, CE(p<0.05). 
00 
u* 
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Table 7. Intake and total urinary output of sodiuin and potassium 
H2O CB CE SOUP 
Sodium intake 
(mmol) 
0.0* 40.7* 6.4* 118.4* 
Potassium intake 
(mmol) 
0.0* 8.9* 1.2* 4.9* 
Sodium output 
(mmol) 
16.2 ±4.0 16.5 ±2.2 14.8 ±3.2 19.7 ±3.2 
Potassium output 
(mmol) 
15.2 ±2.9 16.5 ±2.0 15.8 ±3.2 16.4 ±3.1 
Data are means ± SE for thirty subjects. * significantly different firom each other. 
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Figure 1. Percent recovery in plasma 
volume during two hours of rehydration. 
Data are means + SE for N=30. * CB, 
SOUP significantly higher compared with 
HjO (p<0.05). 
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of rehydration. Data are means + SE for N=30. 
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Figure 3. Plasma sodium concentrations during 
two hours of rehydration. Data are means ± SE 
for N=30. 
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Figure 4. Plasma [K"] concentration during two hours 
of rehydration. Data are means ± SE for N=30. Plasma 
[K^] is significantly lower in SOUP than CB at 20-120 
minutes (a); CE at 40 minutes (b); and H^O at 40-80, 
and 120 minutes (c). In addition, CE is significantly 
lower than CB at 60, 80 minutes (d) (p<0.05). 
91 
CONCLUSIONS 
The addition of sodhun to a rehydration beverage is essential in achieving body fluid 
restoration following heat and exercise-induced dehydration. Ingesting beverages containing 
sodium concentrations of 109.5 mmol/I sodium and 159.5 mmol/l sodium resulted in a greater 
restoration of body weight and plasma volume con:q)ared with more dilute electrolyte solu­
tions and water. Plasma osmolality and sodium concentrations were also higher, while urine 
volumes were lower, with ingestion of the high sodium beverages. Thus, increasing the cation 
content of a rehydration beverage maintains the dehydration-induced increase in plasma osmo­
lality and plasma sodium concentrations. Other investigators have observed that maintenance 
of plasma osmolality and sodium concentrations prevents rapid declines in fluid-regulating 
horaione concentrations. Consequently, there is a greater reabsorption of water by the kid­
ney, leading to lower urine volumes and a greater amoimt of the mgested fluid retained. Con­
versely, consuming water or dilute electrolyte solutions results in a decline in plasma osmo­
lality, plasma electrolyte concentrations, and fhiid-regulating hormones, leading to excess fluid 
filtration by the kidney. The resulting large urine volumes delay rehydration. 
Although the addition of both sodium and potassium to a rehydration beverage is im­
portant in restoring fluid balance after dehydration, it appears that sodium unpacts rehydration 
to a greater extent than potassium. A delay in plasma volume recovery as well as body weight 
restoration is often seen in subjects consuming rehydration beverages containing high concen­
trations of potassium. The delay may be due to a restoration of the intracellular fluid com­
partment at the expense of the extracellular fluid space. The results fi-om these studies indi­
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cate that the ingestion of high concentrations of potassium may not in:q)air rehydration pro­
vided the sodium concentration of the rehydration beverage is adequate. 
Consuming a meal or soup containing high concentrations of sodium also resulted in a 
significantly greater recovery in plasma volume conQq)ared with water. Nutrients other than 
sodium that may have contributed to the greater plasma volxmie recovery include the carbohy­
drate and protein present in the soup. Glucose, as well as specific ammo acids such as alanine 
and glycine enhance fluid absorption in the small intestine, although it remains to be seen 
whether an enhanced mtestinal fluid absorption results in an improvement m overall rehydra­
tion. Including carbohydrate in a beverage that is high in osmolality, but low m sodium con­
centration delayed rehydration. On the other hand, consuming relatively isotonic beverages 
containing high sodium concentrations and high or low carbohydrate concentrations resulted 
in greater plasma volume recovery and lower urine volumes. These data suggest that the 
addition of sodium may be more uxqjortant than carbohydrate in a rehydration beverage con­
sumed following exercise-induced dehydration. 
These results also suggest that the conq)osition of a fluid or food consumed at the on­
set of a rehydration period has a significant inopact on body fluid balance. Ingesting only 350 
ml of one of foiu" rehydration beverages shortly after exercise resulted in significant differ­
ences in plasma volume, plasma osmolality and potassium concentrations, as well as urine 
volume and electrolyte concentrations. 
The resufts fi-om these studies show that the composition of a rehydration beverage 
consumed followmg heat and exercise-mduced dehydration significantly influences rehydra­
tion, even \\4en consumed in fairly small volumes. The sodium concentrations used in these 
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studies are higher than those used m previous investigations, as well as those found in many 
sports drinks used by athletes. However, ingestion of high concentrations of sodium did not 
appear to have any adverse thermoregulatory or cardiovascular consequences as rectal tem­
perature and blood pressure measurements were similar for all the beverages studied. There­
fore, when rapid rehydration is a goal, consideration should be given to mcreasing the sodium 
concentration of sports drinks currently used. In addition, attention should be given to an 
athlete's diet immediately following dehydration, as ingesting a meal containing high sodium 
concentrations may enhance the effectiveness of rehydration. 
Recommendations for Future Research examining Post-Exercise Rehydration 
Recommending consumption of volumes of fluid equal to or greater than the fluid vol­
ume lost during dehydration is necessary to ensure adequate fluid replacement. However, 
athletes typically do not consume such large voliunes following exercise due to the inadequacy 
of the thirst mechanism In order to assess the practicality of consuming these beverages 
outside the laboratory setting, voluntary intake of these high sodium beverages by athletes 
should be measured. Measuring voluntary intake would also be an indirect assessment of the 
palatability of each beverage. 
There is some evidence to suggest that the addition of large amoimts of potassium to a 
rehydration beverage may result m preferential restoration of the intracellular fluid compart­
ment at the expense of the extracellular fluid compartment, leading to delays in plasma volume 
restoration. However, ingesting high potassium concentrations may not delay rehydration 
provided there is adequate sodimn in a rehydration beverage. To sufficiently address this 
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question, direct measurements of intracellular and extracellular fluid volumes should be made 
in order to determine whether ingestion of large concentrations of potassium does indeed 
promote a redistribution of water between the mtracellular and extracellular fluid compart­
ments. 
Although rapid rehydration for many athletes is important, it is particularly essential 
for those athletes facing one or more exercise bouts in a day. While these two studies have 
established the importance of including sodium in fluids or foods that are consumed following 
exercise, they provide no information regardmg the impact that rehydration with these bever­
ages has on subsequent exercise performance. Future studies should determine whether an­
aerobic or aerobic exercise performance is similar to pre-dehydration levels after rehydrating 
with these high sodiimi beverages. 
Consuming a liquid meal or soup in the attempt to restore body water losses has sig­
nificant possibilities, and warrants fiirther research since food consumption following exercise 
is a common ocxurance in both athletes and non-athletes. However, more research is needed 
to clarify the effects of including specific nutrients, such as carbohydrates, proteins, fats, vi­
tamins, and minerals in a rehydration beverage, with attention given to their impact on gastric 
emptying, intestinal absorption, and whole body fluid restoration. 
Rehydration diuing exercise has been shown to minimize body water losses and the 
subsequent impact of those losses on the cardiovascular and thermoregulatory systems. How­
ever, beverages commonly consumed during exercise have fairly low electrolyte concentra­
tions. Future studies might examine whether ingestion of these beverages, which are higher 
95 
in sodium concentration, is more effective at preventing or minimizing body fluid losses and 
thus maintaining exercise performance. 
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